Local and global buckling of box columns made of high strength steel by Schillo, Nicole
Local and global buckling of box
columns made of high strength steel
Von der Fakulta¨t fu¨r Bauingenieurwesen der Rheinisch-Westfa¨lischen
Technischen Hochschule Aachen zur Erlangung des akademischen Grades einer
Doktorin der Ingenieurwissenschaften genehmigte Dissertation
vorgelegt von
Nicole Schillo
Berichter: Univ.-Prof. Dr.-Ing. Markus Feldmann
Univ.-Prof. Dr.-techn. Andreas Taras
Tag der mu¨ndlichen Pru¨fung: 28.04.2017
Diese Dissertation ist auf den Internetseiten der Hochschulbibliothek online verfu¨gbar.

Shaker  Verlag
Aachen  2017
Schriftenreihe Stahlbau - RWTH Aachen
Herausgeber:
Univ.-Prof. Dr.-Ing. Markus Feldmann
Gründer:
Univ.-Prof. Dr.-Ing. Dr.h.c. Gerhard Sedlacek
Heft 81
Nicole Schillo
Local and global buckling of box columns
made of high strength steel
Bibliographic information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche
Nationalbibliografie; detailed bibliographic data are available in the Internet at
http://dnb.d-nb.de.
Zugl.: D 82 (Diss. RWTH Aachen University, 2017)
Copyright  Shaker  Verlag  2017
All rights reserved. No part of this publication may be reproduced, stored in a
retrieval system, or transmitted, in any form or by any means, electronic,
mechanical, photocopying, recording or otherwise, without the prior permission
of the publishers.
Printed in Germany.
ISBN 978-3-8440-5230-5
ISSN 0722-1037
Shaker  Verlag  GmbH  •  P.O. BOX 101818  •  D-52018  Aachen
Phone:  0049/2407/9596-0   •   Telefax:  0049/2407/9596-9
Internet: www.shaker.de   •   e-mail: info@shaker.de
Acknowledgements
During my time at RWTH, I was allowed to work very independently and to chose myself
key focus and emphasis of my research work. For that I am grateful to my first supervisor
Prof. Dr.-Ing. Markus Feldmann. I would also like to thank him for his confidence and
trust.
Prof. Dr.-tech. Andreas Taras kindly acted as second supervisor. I would like to thank
him for the very valuable discussions and support at the end of my thesis.
My special thanks I would like to express to Prof. Leroy Gardner, who invited me for 5
months to work in London at Imperial College in 2013. I was allowed to experience a
very different work environment and cultural diversity, which I don’t want to miss. The
most lasting experience, however, was certainly the introduction to open-water swimming.
Thank you, now I know that swimming is even better when you can’t see anything and
that it gets more interesting when you have to watch out for ducks and swans.
Lastly, I am more than grateful to Pierrette Freichel for supporting me through the years
unwavering. The fact we are living quite far away never interfered with our friendship.
i
Vorwort des Herausgebers
Stabilita¨tsprobleme spielen bei der Bemessung und Auslegung von Stahlbauten wegen
der hohen spezifischen Ausnutzbarkeit des Werkstoffs und der damit verbundenen
Schlankheiten eine besondere Rolle. Dazu geho¨rt das Plattenbeulen, dessen
Sicherheitsnachweise in EN 1993-1-5 geregelt sind. Jedoch ist das Pha¨nomen ”Beulen”
in Hinblick auf die Stahlbaubemessung, bei der analytisch einfache und gleichzeitig
zutreffende Bemessungsregeln im Fokus stehen, vor dem Hintergrund der schwierig zu
erfassenden Nichtlinearita¨ten bis heute nicht vollsta¨ndig erforscht. Es ist deswegen klar,
dass auch die Bemessung von beulgefa¨hrdeten Querschnitten im Stahlbau derzeit nicht
zufriedenstellend ist.
Mit der vorgelegten Dissertation ist es Frau Dr.-Ing. Schillo gelungen, weiteres Licht
in die verwickelten Zusammenha¨nge des Beulens, auch in Hinblick auf das Thema
”hochfest” zu bringen. So sind mit der Arbeit folgende wissenschaftliche Ergebnisse
abgeleitet oder wissenschaftlich begru¨ndete Vorschla¨ge erarbeitet worden:
• Einfluss der Minimum- Materialkennwerte nach EC3 auf das Stabilita¨tsverhalten
• Ableitung eines erweiterten Imperfektionsmodells, das lokale und globale
Imperfektionen auf Grundlage der Ayrton-Perry-Formulierung einbezieht
• Ableitung einer neuen Beul-Reduktionskurve mit deutlichen Verbesserungen
gegenu¨ber herko¨mmlichen Vorschla¨gen nebst einer Zuverla¨ssigkeitsanalyse
• Vorschlag einer verbesserten Schlankheitsdefinition
• Ableitung eines Vorhersagemodells der Stabilita¨t schlanker Stu¨tzen mit schlanken
Querschnitten sowie der Vergleich mit den Normen und Versuchen
Die Arbeit dient ferner der Erarbeitung von Bemessungsalternativen und als Beitrag zum
wissenschaftlichen Hintergrund fu¨r die europa¨ische Normung, auch deswegen ist sie in
englischer Sprache abgefasst.
Der Fo¨rderung der Arbeit durch das Projekt des Research Funds for Coal and Steel
(RFCS) ”RUOSTE” (RUles On high strength STEel) ist sehr zu danken.
Besonderer Dank gebu¨hrt auch Herrn Univ.-Prof. Dr. tech. Andreas Taras fu¨r die
U¨bernahme des Korreferats.
Aachen im Mai 2017
Univ.-Prof. Dr.-Ing. M. Feldmann
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Abstract
The international increased competition of the steel industry requires modern construction
solutions to save material and thus labour costs. Combined with architectural trends
to lightweight structures, the development of high strength steels, with steel grades
exceeding a yield strength of 460 MPa, is a logical solution. These materials are not
fully covered yet in the European Design Standards, especially in regard to stability
issues. As the difference of high strength steel and mild steels lies mainly in the deviating
plastic behaviour, the focus of the study at hand lies firstly on local buckling, where local
plastifications might influence the ultimate load of a structural element.
In the respective Eurocode 3-1-5, the resistance curve used to represent the reduction
factor of plated elements due to local failure is based on the so-called Winter-curve, which
was derived by George Winter using a semi-empirical approach in 1947. This design
curve reproduces the mean reduction values achieved in the experiments conducted by
Winter and other researchers at that time. More recent tests on welded, squared box
sections from steel grades S275 up to S960, and also the 34 experiments conducted
within this study, showed the un-conservativeness of the Winter-curve with increasing
local slenderness, independently of steel grade. The evaluation of test results revealed a
considerable scatter, which is partly attributed to the stability failure mode, but could be
also found to be originated from lack of information concerning unintended eccentricities
in the experimental test setup. Therefore, the data set was divided into two sets, one
consisting of all data, and one including only tests where these information were available
and thus had reduced scatter. A new reduction curve was derived, which represents the
mean function for all test data available in the whole slenderness range.
To ascertain a defined level of failure probability, the mandatory safety concept of EN
1990 was applied on the existing and the newly proposed resistance definition, to derive
the corresponding safety factor γ∗M . The procedure is thereby based on assumptions
regarding the material and geometric property-specific Coefficients of Variation (CoVs).
Standard values often given in literature, although correct for their specific applications,
cannot be simply adjusted when including high strength steel material. In the study at
hand, it was thus focused on weighting the impact of different properties like e.g. yield
strength, and show where the safety concept has to be adapted. Different approaches
and variations are presented and discussed in this work, leading to scientifically justified
γ∗M -values.
After clarification of the local buckling resistance, the interaction with global buckling was
focused on. While there are precise analytical models available to assess the calculation of
critical and ultimate load for global and local buckling separately, the interaction of both
modes prove to be difficult as membrane effects and imperfections are of major impact. In
an experimental programme, 13 tests on columns with high b/t-ratio were carried out on
squared, welded box sections made of S500 and S960 steel material, varying the global
slenderness. The experiments were re-calculated with the Finite-Element-programme
ANSYS. The calibrated numerical model was subsequently used for parametric studies.
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In these studies it was aimed to cover a range of both local and global slenderness up to 2
and load patterns including bending.
The interaction design check in Eurocode 3-1-1 is based on the Ayrton-Perry format
using linear-elastic assumptions, which allow for separate assessment of local effects,
axial forces and bending. Several additional correction factors are thereby to calculate.
The study at hand provides an analytic approach to determine a slenderness depending
reduction factor under an early combination of axial forces and bending such that
additional factors can be neglected. This approach, subsequently denoted as “generalised
slenderness approach (gs)” is still orientated on the Ayrton-Perry format. Local effects
are not included by omitting parts of the cross-section in the gs-approach, but by adding
an additional equivalent global imperfection. The magnitude of this imperfection is based
on the earlier derived new reduction curve. Design charts for box sections were developed
to ease the application.
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Kurzfassung
Durch den steigenden Internationalen Wettbewerb in der Stahlindustrie sind moderne
Lo¨sungsansa¨tze notwendig, um Material- und Arbeitskosten einsparen zu ko¨nnen. In
Verbindung mit dem architektonischen Trend zu leichten, weitgespannten Strukturen
ist die Entwicklung von hochfesten Sta¨hlen mit einer Streckgrenze gro¨ßer als 460 MPa
eine logische Konsequenz. In den bestehenden Normenwerken sind diese Materialien
allerdings nicht vollsta¨ndig abgedeckt, insbesondere auch was Stabilita¨tsfragen angeht.
Der Unterschied zwischen normalfesten und hochfesten Sta¨hlen ist hauptsa¨chlich im
plastischen Materialverhalten begru¨ndet. In der vorliegenden Arbeit wird dabei zuna¨chst
detailliert auf das Beulen eingegangen, da hier lokale Plastizierungen an Bedeutung
gewinnen und die maximale Traglast beeinflußen ko¨nnten.
Im maßgebenden Teil des Eurocodes, Teil 3-1-5 basiert die Abminderungskurve fu¨r
lokales Beulen von Plattenelementen auf der sogenannten Winter-Kurve, welche halb
empirisch von George Winter im Jahre 1947 vorgestellt wurde. Diese Kurve repra¨sentiert
eine Mittelwertkurve der zu der damaligen Zeit verfu¨gbaren Testergebnisse. Aktuellere
Testergebnisse von S275 bis S960, wie auch die innerhalb dieser Arbeit durchgefu¨rten
34 Versuche, belegen jedoch, daß die Winter-Kurve mit zunehmender Schlankheit der
Platten zu optimistische Traglasten liefert. Die Auswertung der Ergebnisse zeigt eine
erhebliche Streuung, die zum Teil typisch fu¨r Stabilita¨versagen sind, aber auch auf
fehlende Informationen hinsichtlich ungewollter Exzentrizita¨ten im Versuchsaufbau
zuru¨zufu¨ren sind. Daher wurden die zur Verfu¨gung stehenden Testergebnisse in zwei
Sets unterteilt, wobei ein Set alle Daten enthielt und das Zweite nur die Daten, wo
Informationen zu Exzentrizita¨ten vorhanden war. Damit konnte die Streuung erheblich
reduziert werden. Eine neue Abminderungskurve wurde zudem abgeleitet, welche den
Mittelwert aller Versuche u¨ber den gesamten Schlankheitsbereich abbilden konnte.
Um eine gewisse Versagens(un)wahrscheinlichkeit zu gewa¨hrleisten, wurde das
Sicherheitskonzept von EN 1990 sowohl auf die Winter-Kurve als auch auf die neue
Widerstandskurve angewendet. Das Konzept basiert dabei auf Annahmen fu¨r Material-
und Geometrieeigenschaften spezifischen Variationskoeffizienten (CoVs). In der Literatur
werden oftmals Standardwerte angegeben, die in ihrer konkreten Anwendung zwar korrekt
sind, allerdings fu¨r hochfeste Materialien nicht direkt u¨bernommen werden ko¨nnen. In der
vorliegenden Arbeit wurde daher zuna¨chst der Einfluß der einzelnen Eigenschaften, wie
z.B. der Streckgrenze, analysiert, um aufzuzeigen, wo das Sicherheitskonzept angepaßt
werden muß. Unterschiedliche Ansa¨tze und Variationen werden gezeigt und diskutiert,
was zu wissenschaftlich fundierten Sicherheitsbeiwerten γ∗M fu¨hrt.
Aufbauend auf den Erkenntnissen zum lokalen Beulen wurde der Fokus auf die
Interaktion mit Knicken gelegt. Wa¨hrend es pra¨zise Modelle zur Berechnung von
kritischen und maximalen Lasten getrennt fu¨r Knicken und Beulen gibt, birgt die
Interaktion gro¨ßere Schwierigkeiten, da hier der Einfluß von Membraneffekten und
Imperfektionen zur Geltung kommt. In zwei Versuchsreihen an quadratischen,
geschweißten Hohlprofilstu¨tzen, unterteilt in S500 und S960 Material mit jeweils
hohem b zu t Verha¨ltnis, wurde das Interaktionsverhalten u¨ber die Variation der
v
Profilla¨nge untersucht. Die Versuche wurden mit dem Finite-Elemente-Programm
ANSYS nachgerechnet. Durch die Kalibrierung dieses numerischen Modells konnten
Parameterstudien angeschlossen werden. Diese deckten dann einen Bereich der
sowohl lokalen als auch globalen Schlankheit bis 2 ab sowie auch unterschiedliche
Momentenbeanspruchungen.
Der Interaktionsnachweis im Eurocode 3-1-1 basiert auf dem Ayrton-Perry Format mit
linear-elastischen Annahmen, welche es erlauben die lokalen Effekte, Normalkraft-
und Biegebeanspruchung jeweils getrennt zu betrachten. Dadurch sind aber im
Nachgang die Berechnung von zusa¨tzlichen Faktoren notwendig. Die vorliegende
Arbeit leitet einen analytischen Ansatz ab, welcher die Pha¨nomene fru¨h koppelt
und dadurch ohne diese zusa¨tzlichen Faktoren auskommt. Dieser Ansatz wird als
”generalisierter Schlankheitsansatz (gs)” bezeichnet und ist ebenfalls an das Ayrton-Perry
Format angelehnt. Lokale Effekte werden nicht direkt durch ausfallende Querschnitte
beru¨cksichtigt, sondern u¨ber eine zusa¨tzliche, a¨quivalente Ersatzimperfektion. Zur
Quantifizierung wurden Bemessungsdiagramme abgeleitet, unter Beru¨cksichtigung der
neu abgeleiteten Abminderungskurve fu¨r lokales Beulen.
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1. Introduction
1.1. Motivation
Growing international competition between steel producers combined with high labour
costs in the European market call for efficient use of material in the construction sector.
Less material intensive structures and thus more slender structures are a possible solution,
which concedes to modern architectural interests. The use of high strength steel, where the
yield strength exceeds 460 MPa, opens many possibilities in structural design wherever
fatigue and serviceability are not decisive factors.
However, slender structures tend to be more complicated in design, and are potentially
vulnerable to coupled instability, where local and global slenderness interact. The
assessment of the failure mode and corresponding loading is then not distinct. Classical
theories, such as linear buckling theory, are only valid as long as deflections are low
compared to the plate thickness. However, with the occurrence of local buckling, also
plastic and considerable large (local) deformations can occur. Due to this local behaviour,
stress is not evenly spread across the plate section and thus, the principles of Bernoulli
are void. Consequences differ thereby in dependence of the cross section.
In older design procedures, it was often suggested to calculate the stability modes
separately and use the lowest critical load as the decisive one. But this contradicts
the growing demand for more economic and also more slender structures. The current
European Code EC3-1-1 [1] and EC3-1-5 [2] on the other hand provide the designer with
a procedure which can be tedious in its application and at the same time in some cases
not in compliance with the safety requirements stated in the mandatory EN 1990 [3].
High strength steel (HSS) is not fully established in the European Construction Code.
Here, supplemental requirements on the material are stated in restricted fields of
application (e.g. for connections), but the implications of considerable differing material
characteristics on the stability behaviour have still to be evaluated and quantified. Positive
aspects of HSS, such as reduced relative residual stress amplitudes are contradicted
by lower over-strength, meaning a lower ratio of the actual yield strength to nominal
yield strength, influencing the safety level especially in case of local buckling, where
post-buckling reserves are considered in the design procedure.
The motivation of the study at hand is thus to clarify stability and material related issues
exemplified on welded box sections and provide designers with a procedure to assess
coupled instability with an in terms of safety and calculation effort optimised routine.
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Figure 1.1.: Viaduct Junglinster (source: Schro¨der et Associe´s, Luxembourg)
Box sections are commonly used as columns in industrial buildings, but more frequently
in supporting structures in bridge design as shown e.g. in Fig. 1.1.
1.2. Aims of the Thesis
The studies of this thesis focus on structural steel material classified between S500 and
S960. Steel grades between S500 and S700 are currently regulated in Eurocode part
1-12 [4], although discussions are currently ongoing of distributing its contents to the
corresponding preceding parts of Eurocode. S960 is not introduced in the code yet. As the
impact of material characteristics on the stability behaviour is not clear, the consequences
of the steel fabrication process on the physical properties are investigated. Of special
importance are thereby the hardening properties of the material after reaching the yield
strength, but also ductility properties and their influence are assessed. It is aimed to show
that regardless of the material used - mild steel or HSS - the deviation between predicted
and realistic ultimate load for the investigated columns are similar and thus modifications
on the design methodology due to HSS are not necessary for the coupled instability cases
investigated.
The prediction of ultimate load for buckling is highly dependent on the definition of
slenderness. In the current Eurocode 3 [1], the slenderness of global buckling and
subsequently the reduction curve is derived for concentrically loaded columns. Bending
moments are included by additional factors, increasing artificially the action forces. By
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using a generalised definition of the slenderness such that bending is included, this thesis
aims to show that additional factors are not necessary for the design check.
For the inclusion of local effects, EC3 [1][2] provides a design procedure based on the
effective width method. In principle, it is an appropriate approach to consider the failed
cross-section parts. But the evaluation of experiments reveals that the corresponding
reduction curve is not in compliance with the safety standard of EN 1990 [3]. While
for stocky sections the curve might be valid up to conservative, with increasing local
slenderness, the curve gives progressively unsafe results. Thus, a new resistance curve
is derived, aiming at a constant level of safety for all local slenderness values of the
cross-sections. It has to be mentioned that due to the configuration of investigated cases,
which consisted of welded box sections, the worst case for local buckling - in principle
an at all faces hinged plate - was considered. This means that the results might be
conservative for other configurations, e.g. stiffened plates, but they cover the decisive
cases. An additional reliability study is conducted to assess a safety factor γ∗M for local
buckling.
Using the newly derived function for the local reduction curve and the generalised
slenderness definition, a modified column design procedure is targeted. This approach,
subsequently denoted as “generalised slenderness approach (gs)” is still orientated on the
Ayrton-Perry format, which is also the basis of the Eurocode design procedure. Local
effects are not included by omitting parts of the cross-section in the gs-approach, but by
adding an additional equivalent global imperfection. The amplitude of this imperfection
is based on the effective width method, but design charts for box sections are developed
to ease the application.
In summary, this thesis aims to derive a general design procedure to assess coupled local
and global instability of welded box sections for steel grades up to S960. The approach
shall be simple in its application and comprise the effects of local plate behaviour as well
as second order effects due to bending.
1.3. Outline of the Thesis
The thesis starts by dealing with pure local buckling issues and enhances then to
interaction or coupled instability. The focus is on welded box sections made of high
strength steel, S500 up to S960, although the derived conclusions are supposed to be also
applicable for mild steel material. Each chapter starts with an introduction, stating aims
and content, and concludes with a summary of the respective sections to comprise the
main outcome.
The theoretical background and previous research on stability and material relevant topics
are presented in the State of the Art chapter 2. A short overview of material characteristics
on high strength steel and a summary of related codes and requirements is given in section
2.2. In section 2.3, definition and influencing parameters of stability issues are stated. A
compilation of experimental programmes conducted with an emphasis on plate buckling
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follows in section 2.4. The theoretical and historical background on the current reduction
curve used in Eurocode 3 is summarised in section 2.5. The corresponding contents for
global buckling follow in section 2.6. Various design concepts for interaction of local
and global buckling, as well as recent research, are presented and distinguished from the
generalised slenderness approach in section 2.7 and 2.8.
In chapter 3, “Methodology to solve stability issues”, the design and reliability procedures
according to Eurocode 3, see section 3.2, and EN 1990 in section 3.3, respectively, are
described first. Numerical possibilities to assess critical and ultimate resistance of
columns are described and discussed in section 3.4. A modelling technique to derive
lower bound material curves is introduced in section 3.5. The impact of imperfections
is more thoroughly discussed in section 3.6, while the used slenderness definition is
assessed in section 3.7. This chapter lays the ground for the analytical solution of the
generalised slenderness approach derived in chapter 8.
Chapter 4 presents the experimental programme conducted within this thesis. It comprises
studies on squared welded stub columns and long columns. Their design and fabrication
is described in section 4.2. The first experimental series deals with short stub column
tests, see section 4.3, consisting of 34 specimens, which were made of S500MC, S700MC
and S960MC material, with a varying non-dimensional local slenderness between 0.64
up to 1.55. Extensive imperfection measurements were undertaken and analysed. In
the second series, see section 4.4, 13 tests on columns with two different b/t-ratio were
carried out on squared welded box sections made of S500MC and S960MC steel material,
varying only the global slenderness.
In chapter 5, the results of the experiments of the previous chapter 4 and the available
results from researchers introduced in chapter 2.4 are evaluated according to EC3, see
section 5.2 to derive a new resistance function to describe local buckling of plates, see
section 6.2. This function is mandatory for the solution developed in chapter 8 and
subsequently for the presentation of results in chapter 9, as well as for the reliability
analysis in chapter 6. In section 5.3, the comparison of the ultimate loads of the interaction
tests with the EC3 resistance prediction is shown.
The reliability analysis for the local buckling resistance curve is presented in chapter 6.
The experimental database on stub column tests from the previous sections is compared
with the currently used Winter resistance curve. Additional alternative functions are
derived and discussed in sections 6.2 and 6.3. The resulting γ∗M for local buckling using
the current and the new optimised reduction curves, are shown in section 6.4. A short
discussion on the overstrength of material, targeting on the high strength steel specific
material characteristics, is concluding the chapter in section 6.5.
The experiments were re-calculated with the Finite-Element-programme ANSYS and the
calibrated model was then used for parametric studies in chapter 7. The numerical
procedure and modelling is described in sections 7.2 and 7.3. Stability behaviour
impacting factors, like residual stress and imperfections are assessed in sections 7.4
and 7.5. The validation of the model is shown in section 7.6. For the calculation of the
experiments, a detailed imperfection model comprising residual stress distribution, local
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and global imperfections, was used. This model, as well as the imperfection model based
on the recommendations given by Eurocode, see section 7.7 [1][2], was used for the
parametric studies in section 7.8. These covered a wider range of material properties and
slenderness areas than the experiments. A short discussion on convergence issues was
added in section 7.9. The numerical study comprised approximately 1072 calculations to
satisfy all parametric configurations.
The analytical derivation of the generalised slenderness approach is presented in chapter
8. In section 8.2, the general approach is described, while in section 8.3 the definition
of slenderness is introduced. A quantification of an additional equivalent imperfection
to cover local effects is subject of section 8.4. The finally derived resistance formula is
presented in section 8.5.
In chapter 9, a comparison of the main results of the parametric studies with the resistance
model provided by EC3, see section 9.2 and the generalised slenderness approach, see
section 9.3 are shown. A comparison of the design approaches with the experimental
studies follows in section 9.4 . The chapter is finalised by a design example, showing the
basic procedure using the generalised slenderness approach in section 9.5.
A summary and conclusion of the performed work can be found in chapter 10.
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2.1. Introduction
In the following section, it is aimed to give an overview of the background and research on
the material and stability issues related to this thesis. In section 2.2, the characteristics of
high strength steel and their differences to mild steel are described. Information in regard
to codes and requirements are summarised in the same section. In section 2.3, definition
and influencing parameters of stability issues are stated. A compilation of experimental
programmes conducted with an emphasis on plate buckling follows in section 2.4. The
theoretical and historical background on the current reduction curve used in EC3 is
summarised in section 2.5. The corresponding contents for global buckling follow in
section 2.6. Various design concepts for interaction of local and global buckling, as
well as recent research, are presented and distinguished from the generalised slenderness
approach in section 2.7 and 2.8.
2.2. High Strength Steel Material
2.2.1. Characteristics of HSS
Although there is no clear definition of at which yield strength the denomination “high
strength steel” should begin, it is common practise to start with S460. To produce high
strength steel up to S700, usually thermomechanically rolling processes are applied.
For higher grades, such as S960, quenching and tempering in combination with special
alloys to achieve a finer grain structure are necessary. The development of production
of high strength steel is shown in dependence of the year in Fig. 2.1 [5]. It shows the
early development of normalised S355 and increasing yield strength possibilities with the
occurrence of thermomechanical rolling processes and later quenching and tempering.
While fast cooling in the production process leads to higher toughness and strength, it is
also accompanied by an increase in brittleness, which affects the weldability of the steel
material. On the constructional or practical issue, e.g. the t8/5, which defines the cooling
time between 800°C to 500°C, decreases also rapidly with increasing yield strength, such
that the requirements in regard to the skill of the welder increase. Small changes in the
cooling rate result in significant loss of strength in the heat affected zone (HAZ).
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Figure 2.1.: Development of high strength steel [5]
The material stress-strain relation is characterised by a low or even no yield plateau due
to the fabrication process. This led in the respective codes to the definition of the yield
strength as the 0.2%-proof stress, which is also used for cold-formed steels.
2.2.2. Codes and requirements
While steels up to S460 are part of the Eurocode 3 family part 1 to 11, higher grades
between S500 and S700 are regulated in an additional part 12. However, it is intended by
CEN/TC250-SC3 to omit part 12 and transfer the content to the respective parts of part 1
to 11. The main obstacle is the assumed lower ductility and lower elongation at fracture
εu of higher strength material which might not comply with the assumptions made in
EC3 regarding e.g. re-distribution of stress and strain. Especially in plastic design, the
usage of HSS might lead to unsafe structures. In consequence, in [1] three requirements
were defined to guarantee sufficient ductility, and tightened in [4] as summarised in Table
2.1. The table shows also the contradicting development of requirements: while the first
Table 2.1.: Ductility requirements in EC3 for mild and high strength steel
S235 - S460 S500 - S700
(EN 1993-1-1) (EN 1993-1-12)
fu/fy ≥ 1.10 ≥ 1.05
εu ≥ 15fy/E ≥ 15fy/E
A ≥ 15% ≥ 10%
and last requirement for the ratio of ultimate strength to yield strength fu/fy and the
elongation at fracture are loosened for high strength steel to pay tribute to the actual
material properties, the uniform elongation criterion is tightened, conflicting with the
Conside`re-Criterium, see section 3.5. In terms of ductility, issues increase with increasing
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yield strength. However, for global buckling this might be of no influence, as the failure
mode can be assessed purely elastically. When local effects have to be considered, the
reduced strain hardening might influence the post-buckling behaviour, although only with
small impact.
Aside from the ductility requirements of [1] and [4], for the fabrication process the
standard EN 10149-2 [6] (technical delivery conditions for thermomechanically rolled
steels), which was used for the steels investigated within this study, is valid. Compared
with EC3, the minimum fu/fy-ratio is partly lower, with 1.02 for S960M and in some
cases higher, e.g. 1.07 for S700M and 1.10 for S500M. Quenched and tempered steels,
regulated in EN 100025-6 [7] have higher limits with 1.18 for S500Q, 1.12 for S690Q
but an also lower value for S960Q with 1.02.
2.3. Stability Characteristics
2.3.1. General Information
Stability may be referred to as the ability of a structure to recover equilibrium after a
perturbation. The issue making stability failure interesting is the circumstance that the
failure of the structure may occur considerably before reaching the ultimate load carrying
capacity. Thereby it can be distinguished between a bifurcation or a snap through problem.
In [8], Koiter derived the basic differentiations of pre- and post-buckling behaviour, as
illustrated in Fig. 2.2. The first differentiation concerns snap and bifurcation problems:
The snap through is characterised by the occurrence of a limit point or in other words
the equilibrium branch reaches a maximum, which is illustrated in the same figure as
case 1. Bifurcation on the other hand is characterised in the load-displacement curve by a
sudden, infinite or finite increase of displacement while the load cannot be augmented
when two or more equilibrium paths cross each other. In dependence of the appearance
of the crossing path, he distinguished for bifurcation problems between asymmetric - the
path has no turning point and decreases - and symmetric cases. In the symmetric case,
the path has a turning point, where either the post critical branch is increasing -stable
behaviour, not very sensitive to imperfections - or decreasing - in-stable, sensitive to
imperfections.
For a physically reasonable solution, the bifurcation process needs usually an initial
imperfection e0. This can be considered by geometric imperfections or small applied loads.
The first possibility leads to a stress-free initial state, the second implies corresponding
small stress. The sensitivity of a structure towards imperfections depends on the
post-buckling behaviour: the steeper the declination in the load-displacement course, the
higher is the impact of initial crookedness. The impact of initial imperfection is shown in
the third column of Fig. 2.2. In general, the imperfection leads to a smoothing of the sharp
edged ideal failure path. If the initial shape of imperfection is chosen appropriately, for a
snap through problem the failure mode will still be based on snap through. If the initial
imperfection directs, however, in the opposite direction of the natural failing direction,
8
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Figure 2.2.: Classification of imperfection sensitivity, taken from [8][9]
the critical load Fcr gets increased. But in case of bifurcation, the problem might switch
to snapping if the post-buckling branch is in-stable. This is usually the case for columns
under compression, as indicated in Fig. 2.2, where depending on the boundary conditions
case 2 or 4 applies. In case 3, no matter in which the pre-imperfection is orientated, an
increase in the load-displacement path indicates a rise in the carrying capacity. This could
be typical e.g. for membrane structures, where the deflected mode leads to tensioning of
the bearing elements.
More detailed background on stability in general can be found for e.g. in [10] and
for detailed analytical solutions the reader might refer to [11]. Timoshenko [12] gives
addittionally a survey of many special issues.
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Figure 2.3.: Residual stress distribution provided by [13]
2.3.2. Imperfections
In the terminology of stability, it is distinguished between geometric and structural
imperfections. Geometric imperfections or out of straightness can e.g. derive from
fabrication processes or due to assembling issues. Residual stresses are assigned to
structural imperfections, which are caused by mechanical (rolling) or thermal fabrication
process (welding). Here, after removing the cause of the stress, they are in equilibrium
within the structural member. Especially in case of welding, the amplitude of these
restraining stresses is depending on several parameters, e.g.:
• welding speed, current, voltage
• t8/5 time
• number of passes
• microstructure of ground and filler material
• thickness of plate material
• weld layout (butt, fillet, etc.)
The number of parameters indicate already a large range of residual stress amplitudes.
Additionally, measuring of residual stress is usually time and cost intensive, resulting
in few data and due to the various parameters also in high scatter, see section 2.4 and
for detailed analysis 7.4. In [13] recommendations were compiled for the residual stress
distribution and amplitudes for various cross-sections. They were adopted in the ENV
of Eurocode [14], but in the later developments omitted. For welded box sections, the
proposed shape of residual stress distribution is shown in Fig. 2.3. It was derived from
measurements and supplemented by theoretical considerations. Within the studies of [13],
it could be shown that different sections show varying sensitivity towards the residual
stress: while weak axis bending of I-sections showed to be more sensitive, box sections
seemed to be less affected.
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In the current design code [1], the residual stresses are considered in the calculations by
an equivalent geometric imperfection, which is added to the estimated real geometric
imperfections. As outlined in [15], this is not precise, as the influence of residual stress
is not linear. It was concluded that in some cases for slender columns, the combined
effect of structural and geometric imperfections was less than the sum of both, while in
other cases the impact exceeded the sum. Also, the effect of residual stress lessens with
increasing slenderness. However, the deviations in ultimate load using this simplified
approach with equivalent imperfections towards the realistic ultimate loads are justified
by the much simpler calculation process and showed to be conservative.
The impact of imperfections on stability behaviour was found to be not necessarily of
elastic character. This leads to the effect that the sum of several imperfections will not
lead to an equally sum of reduction on the ultimate load. Each imperfection could thus
be more or less effective in combination with other imperfections [15].
2.4. Experimental programmes
2.4.1. Local buckling and residual stress campaigns
In 1932, Ka´rma´n presented in [16] the basic theoretical approach for the effective width
method. His theory was supplemented by test results provided by Sechler on different
materials, like Aluminum, Nickel and others, which showed to behave similar despite
their very different properties. The experimental setup was not closer described, except
that the specimens consisted of flat sheets.
In 1946, Winter presented in [17] his study on “the strength of thin steel compression
flanges”, which is still the basis of many design codes, e.g. Eurocode 3 [2]. He
presented results on cold-formed U-beams and results on I-beams, which were built-up
by two U-beams where the webs were connected with bolts. This was to allow for
the investigation of small width-to-thickness ratios of the compressed flanges. He
complemented his own database with the experiments conducted by Sechler reported in
[16]. It is worth noticing that the experiments, which are the basis of EC3, consisted of
cold-formed sections. These sections were tested in bending. Both facts are favourable
in terms of ultimate load as here the overstrength in the corner material is pronounced
and additionally stiffening effects of adjacent plates would have to be taken into account
to get a precise resistance curve. The derived curve is thus not a lower envelope for the
worst case of a simple supported plate. In [18] Winter corrected the issue partly by fitting
the constant factor to 0.22 in the formula, see Eq. 2.11 and 2.12. This is discussed in
detail in section 2.5.2.
Skaloud added in 1965 [19] experiments on similar cold-formed U-shaped profiles. He
assessed thoroughly the stress and strain development in the compressed plate along its
width at different load stages during the experiments. The failing part of the cross-section
could thus be graphically shown and depict clearly the theory of the effective width
11
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developed in [16]. Later, in 1970, Skaloud presented tests on columns made up of
two cold-formed lipped U-sections, built-up to a closed box section [20]. The columns
comprised stocky as well as locally slender sections and resulted in the derivation of
coefficients to depict local effects on plated elements and on flexural behaviour of columns.
The definition of theoretical failure of the column was thereby related to the bending
stress at the extreme fibre of the column, which should reach the yield strength. Similar
interrelations were later shown by Maquoi [21].
Later, it became more common to assess the local buckling behaviour by conducting tests
on concentrically loaded short box columns. The research presented in the following
clauses is summarised in terms of ultimate load achieved in Annex A.4 and used for
further studies in chapter 6.
Four sets of welded stub columns were tested by Nishino in [22], two made of ASTM A7
(A36, fy = 250 N/mm2) steel and two made of ASTM A514 (quenched and tempered,
fy = 689 N/mm2) steel. The thickness was hold constant for all squared box sections
to 6.5 mm. The width was varied between 290 and 412 mm for the A7 steel and 170 to
290 mm for the A514 steel. The residual stresses were investigated by the sectioning
method, using strain gauges at the outside of the box sections. For the magnitude of the
tensile residual stress in the corners, it was found to be slightly higher than the nominal
yield strength for the A7 steel, and slightly below the yield strength for the A514 steel.
The magnitude of the compressive residual stress was found to be larger for small cross
sections, due to demands of equilibrium. Although the values are rather similar for all
configurations and the differences but slight. The effect of residual stress on the buckling
strength was found to be less pronounced for the higher strength steel, see table 2.2.
Table 2.2.: Residual stress in 4 specimens tested in [22]
Material A7 A7 A514 A514
b/t 45 63 45 26
fy [MPa] 273 266 800 717
σrc [MPa] 83-96 69-76 76-83 96-103
σrc/fy 0.32 0.27 0.10 0.15
The results of the residual stress measurements of [22] were considered in the derived
model in section 7.4.1.
In [23], Dwight provides a compilation of 49 stub column and column tests conducted
at the engineering department in Cambridge. The study concluded that the at the time
valid Eq. 2.11 for the effective width provided by Winter was unsafe. He mentions
additionally that the American and British Standard had already changed in practice to
lower reduction factors. Aside of evaluating the effective width, the study focused on
the influence of residual stress. It was found that the width of the tensioned area should
be independent of the plate width above a b/t-ratio of 25. He proposed a new design
12
2.4. Experimental programmes
formula for internally compressed members, which would be more conservative than
Winter and includes also the compressive residual stress σr,com:
σult = min
{(
1.65
√
E · fy
b/t
− σr,com
)
/1.7;
fy
1.7
}
(2.1)
The residual compression stress is thereby dependent on the weld geometry, where the
equation holds an additional fitting factor C. The author states that the value of C is not
precisely definable due to the scatter in available results, but that with future research
a more confident value could be put to C. The results of the stub column tests of the
studies conducted in Cambridge are analysed in chapter 6.
In [24], Tebedge et al. summarise research results produced at Lehigh University on
residual stress measurements. The highest steel grade taken into consideration was an
A514 (with fy = 689 N/mm2). The work dealt with longitudinal residual stresses from
various hot-rolled sections (H-, L-, T- and box shapes). They concluded that the influence
of yield strength appears to be small, while geometry and fabrication process (welded or
rolled) is of higher importance.
Fukumoto summarises in [25] a database consisting of 793 individual results on
unstiffened plates in uniaxial compression. The data was investigated with focus
on residual stress dependencies and imperfections. It was found that initial
out-of-straightness has more impact on the ultimate load in the medium slenderness range.
More interesting was the finding that no clear difference was found when analysing
stub column test results and results from single plate tests. Since the evaluation in the
paper was presented graphically, it was not possible to use them directly in the present
study. However, [25] gives a very good overview of the studies conducted on plates up to
1984.
Experimental results on 3 squared stub columns made of a steel with fy ∼= 250 N/mm2
was provided by Chiew [26] in 1987. The results are included in the study performed in
chapter 6.
In a study of 1992 [27], Rasmussen conducted stub column tests and residual stress
measurements on boxes, cruciform and I-sections. The material used was a BISALLOY
80 (Australian steel, equivalent to an ASTM A514, quenched and tempered), with a
nominal yield strength of 670 N/mm2. Six box sections were investigated in regard to
their buckling strength, comprising three different slenderness configurations with two
repetitions each. They found that the compressive residual stress magnitude decreases
with increasing slenderness of the box column, see Table 2.3 .
Bridge and O’Shea presented 1998 local buckling tests on concrete filled and unfilled
specimens [28]. The experiments were conducted as stub columns with similar test setup
compared to the experiments reported in section 4.3.4. The cross-sections investigated
comprised welded box sections made of steel with a yield strength of fy = 282 N/mm2.
The 6 unfilled tests were used in the evaluation of local buckling resistance in chapter
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Table 2.3.: Residual stesses investigated by Rasmussen [27]
Specimen Residual stress N/mm2
Side 1 Side 2 Side 3 Side 4 Average σc σc/fy λ¯p
B1RS -163 -112 -174 -227 -169 0.25 0.416
B2RS -125 -135 -112 -84 -114 0.17 0.595
B3RS -64 -78 - -78 -73 0.11 0.773
6. In a follow up paper first authored by Pircher [29], the same tests were reassessed
numerically evaluating the influence of the fabrication process on the buckling behaviour.
The authors concluded that when residual stresses are considered, the influence of
geometric imperfections diminish, while they are decisive if residual stress is neglected
in the numerical analysis.
A comprehensive study of local buckling on stub columns and residual stress
measurements on high strength steel material was conducted by Clarin [30] in 2004.
The squared box sections were fabricated from S420 (thermomechanically treated) as
well as S700 and S1100 (both quenched and tempered steels) material. The welding
material corresponded in strength to the two lower steel grades, for S1100 the same
filler as for S700 was used, matching a yield strength of 690 N/mm2. The conduction
of experiments followed the recommendations of [15], except that the load introduction
on the top was not hinged but stiff. This might lead to higher ultimate loads in case
one face fails before the adjacent ones. All tests were concentrically loaded, the error
would be thus small. The experiments are included in the evaluation performed in chapter
6. In regard to the residual stress investigations, Clarin conducted a literature review,
containing 47 individual specimens and 3 own experiments. The scatter in the results
was high, due to the many influences and also differences in assessing the respective
measuring procedures. The compilation of results indicated a lower ratio of residual
compression force to yield strength with increasing yield strength. Tensile residual
stresses seem to decrease on the other hand in comparison with increasing yield strength.
The measurements are included in the derivation for the residual stress model in section
7.4.1.
Another study on residual stress distribution, comparing different measuring technologies,
was provided by Wang in 2012 [31]. The tests comprised three box sections made of
Q460, with varying b/t-ratio (7.2 to 17.3). The results were compared with [13] and it
was concluded that columns made of high strength steel have lower compressive residual
stresses than mild steels.
Ban et al. [32] investigated six welded, squared box sections made of S460, with varying
b/t-ratio. They questioned, if the residual stress model recommended in the “Manual on
Stability of steel Structures” [13] could be transferred to high strength steel, assuming
that the tensile strength close to welded area should be lower than the yield strength. They
investigated also the question, if the specimens stresses are in equilibrium over the whole
section or if the four plates are itself are in balance. Based on their measurements they
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concluded that the plates can be considered separately, as it was also done in previous
models for mild steels. To assess the compression residual stress, they derived a formula
in dependence of plate width h0 and plate thickness t:
σrc = −10− 1500 1
h0/t
− 5501
t
(2.2)
The value σrc should thereby be between the nominal yield strength and 10% of the
yield strength. The plate thickness investigated was between 10 and 14 mm, where
already a difference in the maximum tensile corner strength was visible between web
and flange. The web (which equals the face with the V-seam) displayed always higher
residual stresses. In their proposed model they suggest to assume 75% of fy as tensile
residual strength on the web face and 100% on the flange face. The width of tension
stress was determined as t + 0.05h0. For the compressive stress, they found a strong
dependency on the slenderness and plate thickness. With increasing slenderness, the
amplitude reduced. This was also shown in the [13]. The experiments are included in the
evaluation performed in chapter 6.
The results of 4 welded, squared stub columns made of S460 presented by Gang [33]
were not used for further evaluation, as their length equalled approximately their width.
This is not in line with the testing recommendations of [15], where a length of three times
the width is recommended to assure a representative residual stress distribution in the
specimen.
Somodi and Ko¨vesdi conducted residual stress measurements on box sections made of
high strength steel with steel grades of S500M, S700M and S960Q. They derived a model
to estimate the compression length, assuming a varying width of the tension area of the
corners. They confined their model to the plate thickness and sizes of the specimens
investigated. The amplitudes of the residual tension stress in the corners showed to be
considerably lower with increasing yield strength. The experiments are included in the
evaluation performed in section 7.4.1 and are shown with the measurements of the other
named researchers in Fig. 7.8.
2.4.2. Global buckling and combined local/global experiments
In [34], a study of 25 experiments on squared and rectangular cross-sections with varying
local and global slenderness is presented. The specimens were loaded either concentrically
or eccentrically. Steel material was a S460 quenched and tempered steel. Similar tests
were added in [35] on high strength steel (S690). In [36], Usami derived by means
of numerical simulation formulas to assess the ultimate loads of simple plates under
consideration of residual stress distribution. The effective width formulation is thus
reshaped to incorporate a known compressive initial stress.
The stub column test results were included in the evaluation of the local buckling
resistance in chapter 6. The longer columns were not taken into account for the evaluation
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of the interaction resistance, as the specimens were designed containing 4 stiffening
diaphragms, which are supposed to increase the ultimate load in an undefined amount.
Squared box column tests on high strength steel where presented e.g. by Wang in [37],
with an reported non-dimensional slenderness between 0.6 and 1.28. Compared with the
buckling curve b of EC3 [1], the results were found to be partly below and partly above
the curve b, but always lower than curve a. It was thus recommended to use buckling
curve b for S460 columns.
Ban [38] conducted tests on 5 column tests on S460 box sections between a global
slenderness of 0.3 and 0.97. The achieved buckling curve was inconclusive: three
columns would have been appropriate for curve b, while one only fulfilled c requirements
and one column even failed to fulfil curve d. In 2013, Ban presented additional 3 column
tests on box columns made of S960 material [39], which showed similar scatter. Based
on numerical simulations, however, Ban recommends to use buckling curve a for high
strength steel box columns.
In the RFCS funded research project Combri [40], and the subsequent works of Dege´e
[41], [42] and Detzel [43], the interaction of local and global buckling on welded
rectangular sections (RHS) was assessed. Six experiments were conducted on columns
made of S355, with global slenderness (definition derived from the gross cross-section)
of 0.35, 0.55 and 0.75. The local slenderness constituted for the more slender plate in all
cases 0.9. The authors declare in [41] that the length of the column was of no influence
on the ultimate load, as all tests showed similar results. Visible local buckles are reported
to be in several experiments close to the lower hinge. This might suggest unintended
clamping effects in the upper constraint. The authors conclude that local buckling
was dominant towards global failure, as the global imperfections were much lower in
comparison to the local imperfections. The studies were accompanied by parametric
numerical studies, where a local slenderness between 0.7 to 1.1 and a global slenderness
between 0.8 and 1.4 was investigated. Focus was laid on influence and combination of
different residual stress distributions (based on classic models like in [13]) and local
and global combinations. The authors concluded that buckling curve b would be too
conservative, although the imperfection models they used included more favourable
assumptions than recommended by EC3. E.g. for geometric equivalent imperfections, a
local amplitude of a/250 is suggested and l/1000 for the global imperfection. Residual
stress was implemented with the standard model of [13]. The local resistance curve was
assumed to be precise. The experimental results are not included in the evaluation of
chapter 5, as they seem to be inconclusive due to the same ultimate load achieved by all
columns independent of their length.
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2.5. Local buckling of structures
2.5.1. Brief theoretical background
Thin plates, meaning plates with a high width to thickness ratio, are prone to local
buckling effects when loaded in-plane. Transverse shear deformations are thereby usually
negligible compared to bending deflections. As the plate is constrained at one or more
edges, these constraints allow for a redistribution of stresses and prevent global buckling.
The critical stress can be derived under the assumption of some initial curvature. For a
plate under plain in-plane loading, the linear, basic differential equation yields to:
∂4w
∂x4
+ 2
∂4w
∂x2∂y2
+
∂4w
∂y4
=
t
D
(
q (x, y)
t
+ σx
∂2w
∂x2
+ 2τxy
∂2w
∂x∂y
+ σy
∂2w
∂y2
)
(2.3)
where on the left hand side of the equation the derivatives of the shape functions in x and
y direction are written and equated with the inner and outer forces or stresses on the right
hand side. To get the critical load, the outer forces are zero and such is q = 0. D denotes
the flexural rigidity of the plate and can be written as:
D =
Et3
12 (1− ν) (2.4)
with the Young’s ModulusE and the Poisson’s ratio ν = 0.3. For an approximate solution,
the assumed shape function for a plate under double curvature is defined by:
w =
∞∑
m=1
∞∑
n=1
amn sin
mpix
a
sin
npiy
b
(2.5)
The denominations can be found in Fig. 2.4.
The width of the plate is thereby denoted with a, the length with b and n and m are the
corresponding number of half-wave lengths in the longitudinal and transversal direction.
The Eq. 2.3 to 2.5 are shown here just for sake of completeness and to show the local
buckling influencing parameters. Extensive discussions on the theoretical background
and the derivation of critical stress can be found e.g in [12][15][44] or [45].
As a result of local buckling, the middle of the plate deprives almost completely from the
load, but the development of membrane stress leads to a positive post-buckling behaviour
such that the theoretical critical stress can be exceeded. The resulting stress distribution is
exemplified in Fig. 2.4 in the middle, while the load-displacement curve for a constrained
plate is shown in the same figure on the right. Characteristic is here the possible increase
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Figure 2.4.: Definition of local buckling units (left), stress distribution after buckling
(middle) and post-buckling behaviour of a constrained plate in terms of
normalised load-displacement (right)
of loading after buckling due to the onset of membrane stresses. Depending on the width
to length ratio of the plate and the boundary conditions (e.g. hinged, clamped, hinged at
four or three edges) the effect is of more or less impact.
For stability issues where high deflections occur and/ or material non-linearity have
to be taken into account, Eq. 2.3 has to be extended, as the plate stress resultants are
supplemented by contributions of 2nd and 3rd order theory, see also section 2.5.3.
In the European Design Code, plates and structures prone to local buckling are classified
as cross-section Class 4 [1]. The classification determines the possible design procedure.
For cross-section class (CSC) 1 plastic hinge theory can be applied, 2 allows for plastic
exploitation and 3 for elastic one. Sections of CSC 4 cannot reach their elastic resistance
and are characterised by local buckling failure. The design of plates can be conducted
using the reduced stress method, which is mainly used in Germany for bridge engineering,
or using the effective width method [2]. Within this study, focus is laid on the effective
width method, as this is part of the derived solution in chapter 8. It is based on the
assumption of partial failure of the plate, such that the parts under compression are
reduced in their effective area and subsequently in resistance properties as area and
moment of inertia. The procedure of calculation in the code is shown in section 3.2.2,
while the derivation of the effective width is explained in more detail under consideration
of the historical background in section 2.5.2.
2.5.2. Historical derivation of local buckling curve
While previous research of local buckling resistance was based on elastic exploitation
([46], first published in 1930) the need for higher exploitation rates in terms of plastic
buckling, especially in aeronautical structures, led in 1932 to the development of the
effective width method by von Ka´rma´n [16].
This method assumes that a plate buckling under compression loses its carrying capacity
over a certain width, where the plate is out-of-plain deflected. Taking the whole load, the
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stress distribution over the areas adjacent to the corners is uniform and can be loaded up
to the yield strength. The original differential Equation 2.3 can be written as:
Et2
12(1− ν2)
(
∂4w
∂x4
+ 2
∂4w
∂x2∂y2
+
∂4w
∂y4
)
− σ∂
2w
∂x2
= 0 (2.6)
for a plate under compression in longitudinal direction x , unloaded in width direction
(y) and deflection out-of-plane (w ). Further assuming a sinusoidal shape of the deflected
plate, we can derive the deflection amplitude:
2w =
pi√
3(1− ν2)
√
E
σ
t (2.7)
It is worth noticing that this approach is width independent. For steel material, where
ν = 0.3, the calculation of ultimate load could then be written as:
Fult = 1.90
√
E
σ
t2 · fy (2.8)
Load capacity beyond the elastic limit was suggested to be taken into account, by
replacing the Young’s modulus E with the slope of stress-strain curve E ′. Based on this
theoretical approach, Sechler and Donnell replaced the constant 1.90 by the factor C.
To assess a lower bound for C, instead of a sinusoidal deflection figure, they assumed
w to be of a straight shape, resulting in C = 1.24. They expected the experimental
results consequently to be between 1.90 and 1.24. Different metals and thickness were
investigated; however, no definite C-value was given in the end. Although a decrease in
C with increasing slenderness was observed, it was attributed to the increasing influence
of flexibility of the testing rig [16].
Winter changed the C-factor to be dependent on the t/b-ratio and used a best-fit function
to match the average of results of his own tests and the tests conducted by Sechler. The
corresponding procedure is shown in Fig. 2.5.
For C, he obtained:
C = 1.90− 1.09
√
E
fy
(
t
b
)
(2.9)
The effective width can then be written as:
beff = 1.90t
√
E
fy
[
1− 0.574
(
t
b
)√
E
fy
]
(2.10)
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Figure 2.5.: Derivation of C-factor by Winter [17]
The formula can be rewritten in dependence of the plate slenderness λ¯p (defined in Eq.
3.10):
beff
b
=
1
λ¯p
(1− 0.30 1
λ¯p
) (2.11)
The factor 0.3 was revised several times, until, based on experimental results, it was
finally changed to 0.22 [18]. This value was also used for the resistance calculation in
[2]. The resulting reduction factor using the Winter formula yields thus to:
ρ =
1
λ¯p
(1− 0.22 1
λ¯p
) (2.12)
This reduction factor is applied on the plate width, hence the design check is handled as a
cross-section check, using γM0. In terms of safety, it can be concluded that the approach
according to Winter is not in conformity with the Eurocode Standard 0 [3]. Either a γM
evaluation has to be made to assess the necessary safety-level or the resistance curve
should be derived as a lower envelope of the experimental results.
2.5.3. Plastic buckling
The equations for linear buckling, see e.g. Eq. 2.3, are in principle still valid when large
deflections are concerned. The in-plane axial forces, however, are not longer depending
only on the external loads, but also on the deflections. If the deflections are higher than
the thickness of the plate, it can be spoken of large deflections. These membrane forces
can be taken into account by an additional term derived from the disc-theory, where
Airy’s stress function can be used to solve the problem. In case of large deflections, the
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membrane stresses are depending on the out-of-plane deflection w (x, y), same as the
stress function φ. φ is thereby defined as:
∂φ
∂x2
=
Nx
t
∂φ
∂y2
=
Ny
t
∂φ
∂x∂x
=
Nxy
t
(2.13)
with the axial forces Nx and Ny in the respective directions and the shear force Nxy.
Using the strain components, the following equation can be obtained:
∂4φ
∂x4
+ 2
∂4φ
∂x2∂y2
+
∂4φ
∂y4
= E
[(
∂2w
∂x∂x
)2
− 2∂
2w
∂x2
∂2w
∂y2
]
(2.14)
The final coupled plate and disc equation could be written as:
∂4w
∂x4
+ 2
∂4w
∂x2∂y2
+
∂4w
∂y4
=
t
D
(
q (x, y)
t
+
∂2φ
∂y2
∂2w
∂x2
− 2 ∂
2φ
∂x∂y
∂2w
∂x∂y
+
∂2φ
∂x2
∂2w
∂y2
)
(2.15)
Together with the boundary conditions, Eq. 2.14 and 2.15 determine the two functions
for φ and w. More details can be found e.g. in [12], [47] or [48].
Basic work on this topic was also presented e.g. in [49]. More practical applications are
shown in [50], which is a summary of [51]. Klo¨ppel develops a procedure to calculate
coupled instability under consideration of the non-linear plate theory. The cross-sections
investigated comprise squared and rectangular box sections, where the thickness of
adjacent plates might differ. Residual stress and initial deformations are considered to
derive numerous design charts. The four plates of the sections are calculated separately,
as the error in the result is assumed to be small. For eccentrically loaded columns, the
consideration of the decisive loaded plate is considered to be on the safe side. The
solution is achieved using the Galerkin-Method to formulate the energy criterion. The
minimum is calculated by an iterative, numeric procedure. The realistic distribution
of stress and deflection across and along the column is thus assessed. A formula to
calculate an effective cross-section is subsequently used, considering as well the shift
of the centroid due to eccentric loading. The stress in the effective width equals then
the stress of the full section under consideration of the nonlinear plate theory. Several
approximation procedures, with varying assumptions of the boundary conditions are
compared. It is concluded that within building practice conditions, the deviations between
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the suggested procedure and the results using the procedure provided by Winter [18] are
small. Other studies on plastic buckling can be found e.g. in [52][53] or [54].
A modern approach to consider post-buckling behaviour due to material strain hardening
was developed more recently with the Continuous Strain Method (CSM) ([55][56][57]).
This method is interesting for cross-section Class 3 sections and higher (1 or 2), providing
more economical design. It is, however, sensitive to the material hardening characteristics.
The method was developed for materials without sharply defined yield point, but with
continuous stress-strain material behaviour. Early work considered e.g. aluminium
[58] and stainless steel [55]. The member strength is defined as the local (plastic)
buckling strength derived from the deformation capacity of the cross-section. It is thus
a strain based design concept. In the earlier stage of research, the benefit of strain
hardening was taken into account by using a Ramberg-Osgood hardening law [55]. A
simpler approach was proved to be more feasible in [57], where a linear hardening
is assumed. The hardening coefficients are derived from corresponding stub column
tests: the end-shortening of the columns is evaluated and defines the strain capacity. An
example is depicted in Fig. 2.6 on the left hand side. The increase of the tangent modulus
is defined by Eq. 2.16:
Esh =
fu − fy
0.16εu − εy (2.16)
The ultimate achievable stress by the CSM-method can then be written as:
fcsm = fy + Eshεy
(
εcsm
εy
− 1
)
(2.17)
The method is applicable to other metallic material, the corresponding coefficients of
the resistance curve have to be calibrated accordingly. The resistance curve exemplified
on the right hand side of Fig. 2.6 was derived for austenitic and duplex stainless steel
[57].
As the general stress-strain characteristic of stainless steel and high strength steel are
similar, research was also done on the application of the CSM on high strength steel in
[59].
2.6. Global buckling of structures
The reduction of plastic resistance due to global stability issues is defined by the so-called
European buckling curves. The background to their development is extensively discussed
in [13]. Although with the inclusion of local buckling, which is defined by a post-buckling
reserve and thus plastic mechanism are involved, the elastic analysis of structures remains
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Figure 2.6.: Assumed material characteristic by CSM (left), strain based design curve
(right)
as a key element in the characterisation of steel elements: the mode prediction allows
to identify the failure mode and thus possible post-buckling capacities. Moreover, it is
used to define the slenderness of the structure, which is part of calculating the resistance.
Additionally, in numerical and analytical solutions, the elastic buckling Eigenmode is
also used as pre-imperfection shape.
The European buckling curves are used in the current EC3 and were derived by Maquoi
[21] in 1978. The basic assumptions comprise:
• a representative geometrical imperfection of e0 = l1000
• infinite ductility
Ayrton and Perry laid the ground work in [60] for the assessment of column buckling.
They derived the correlation between imperfection e0 (where they assumed an initial bow
imperfection in sine shape) and cross-section (A/W ), yield strength Fy, the Euler critical
load Fcrit and the buckling load Fb:
(Fy − Fb) (Fcrit − Fb) = FbFcrite0 A
W
(2.18)
They proposed also to substitute the cross-section depending term e0 AW with a slenderness
and a factor α depending value η. In later stages of research, several definitions for η
and values for the buckling coefficient α were investigated. Maqoui reported in [21] the
definition recommended by ECCS (European Convention for Constructional Steelwork)
and calibrated the α-values on basis of experiments.
η = e0
A
W
= α
(
λ¯c − 0.2
)
(2.19)
Eq. 2.19 is still in use in numerous design codes and pays tribute to the fact that below a
slenderness of λ¯c = 0.2 no global stability failure occurs.
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Dwight criticises in [61] that Eq. 2.18 might be too conservative as it is assumed that the
column fails when the first fibre of the column reaches its yield strength, ignoring thus
strain hardening. On the other hand, residual stresses are not included in the formula.
This could be only included in α, which leaves then the purely analytical background
towards a partial empirical solution.
The ECCS provided a year later in 1976 a compilation of results and conclusions achieved
in a joined international research work conducted within the Technical Committee Group
8 (Stability) [13]. Therein, the assumptions and theoretical background for the European
buckling or reduction curves are described. Intensively discussed are additionally the
impact of geometric and structural imperfections on the buckling behaviour. A better
classification for high strength steel, where high strength is defined here by S460, by
applying a better curve is justified for certain cross-sections. For the treatment of residual
stress various patterns are provided, which are depicted for box sections in Fig. 2.3.
2.7. Interaction of local and global buckling
2.7.1. Multiplication Method (DIN 18800-3)
To assess the interaction of local and global buckling, the product of the reduction
factors for local (κP) and global (κK) buckling are calculated separately and multiplied
afterwards. The design check can then be written as:
NEd
κP · κK · A · fy ≤ 1.0 (2.20)
κK is calculated based on the European buckling curves and the gross-cross-section. The
reduction factor for local buckling, κP can be assessed for the decisively loaded, isolated
plate (i) in a cross-section.
κP =
beff,i
bi
or κP =
Aeff
A
(2.21)
The method is considered to be rather conservative. The mechanical mechanism is very
simplified and thus not satisfactorily represented. However, it was adopted in the former
DIN 18800-3.
2.7.2. Model by Rubin (DIN 18800-2)
The model by Rubin [62] was developed for double- and single-symmetric I-sections
with bending about the strong axis. Two approaches, one exact and one simplified, were
introduced in the late DIN 18800-2, assuming that global buckling is dominant towards
local buckling. Both approaches use pre-imperfections w0 (whereas the magnitude is
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depending on the buckling curve) to amplify the stress resultants and the effective width
method to reduce the cross-section according to Winter.
beff =
(
1
λ¯Pσ
− 0.22
λ¯Pσ
)
· b (2.22)
In the exact approach, all parts of the cross-section might be reduced: web as well as
both flanges, depending on the stress distribution. As the reduction of the cross-section
is depending on the actual present stress first calculated, the effective cross-section is
varying over the length of the member and subsequently the deflection. The design check
is done at the outer fibre of the compressioned flange, fulfilling the equation:
σc ≤ fyd (2.23)
The design check equals a theory of second-order design check with reduced cross-section.
In the simplified approach, only the heavier compressed flange gets reduced in its
cross-section, whereas web and second flange remain unreduced. For a uniform loaded
column the formulas yield to:
N
κ′A′f ′y,d ≤ 1
(2.24)
with:
κ′ =
1
k′ +
√
k′2 − λ¯′2c
≤ 1
k′ = 0.5
(
1 + α′
(
λ¯′c − 0.2
)
+ λ¯′2c +
∆w0r
′
D
i′2
)
α′ = α
ir′D
i′rD
; λ¯′2c =
sk
i′λa
; i′ =
√
I ′/A′
(2.25)
The stroke ”′” indicates the usage of the reduced cross-section to determine the respective
property. ∆w0 denotes the shift of centroid due to cross-section reduction and rD and r′D
the distance of compressioned edge to centroid of full cross-section, reduced cross-section,
respectively. α can be taken from the buckling curve, i equals the radius of gyration
and sk the buckling length under consideration of the effective moment of inertia I ′. As
the stress-ration is depending on the assumed effective with, an iterative calculation is
necessary to derive the ultimate load capacity.
2.7.3. Q-factor Method (EN 1993-1-1)
The Q-factor is determined as the ratio of the effective cross-section to the gross
cross-section:
Q =
Aeff
A
(2.26)
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The global slenderness is then assessed by multiplying the square root of Q with the
global slenderness of the gross cross-section, and also applied on the plastic resistance of
the member:
λ¯′c =
√
Qλ¯c
NE
χc ·Q · fy · A =
NE
χc · Aeff · fy ≤ 1.0 (2.27)
The design check for beam-columns does not differ from the EC3 design check and not
repeated here to avoid redundancy. The complete procedure can be found in section
3.2.1.
2.7.4. Direct Strength Method (American Standard)
The direct strength method was developed by Schaefer and Peko¨z in 1998 [63] and
adopted in the American Standard AISI S100-07 for the design of cold-formed structural
steel members. In the direct strength method, the nominal axial (Pn) and flexural (Mn)
strength resistance is determined for cold-formed columns and beams. Strict limitations
in respect of geometric properties and relations are given, restricting the application
to open sections. Firstly, the elastic buckling modes are calculated separately for each
possible failure mode, e.g. local buckling, global buckling, distortional buckling. A
serviceability check can be calculated by modifying the moment of Inertia:
Ieff = Ig ·
(
Mn
M
)
≤ Ig (2.28)
With the nominal flexural strength Md and the moment due to nominal/ actual loads
M . For the column design, the nominal axial strength is determined by the minimum
of the separated calculated ultimate loads for global buckling Pne, local buckling Pnl or
distortional buckling Pnd. For flexural buckling, the slenderness dependent ultimate load
yields to:
λ¯c ≤ 1.5 : Pne = 0.658λ¯2cPy
λ¯c > 1.5 : Pne =
0.877
λ¯2c
Py
λ¯c =
√
A · fy
Pcr
(2.29)
Pcr denotes here the the minimum critical load of the investigated failure modes. The
nominal axial strength resistance for local buckling is assessed by:
λ¯p ≤ 0.776 : Pnp = Pne
λ¯p > 0.776 : Pnp =
[
1− 0.15
(
Pcr,p
Pne
)0.4](
Pcr,p
Pne
)0.4
· Pne
(2.30)
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It is worth noticing that the local slenderness is assessed using as maximum achievable
load, not the plastic resistance but the load determined from the global buckling
analysis:
λ¯p =
√
Pne
Pcr,p
(2.31)
However, in [63], the authors assert that when looking at experimental data, it becomes
apparent that when two buckling modes compete the final failure mode may not be
consistent with the elastic minimum.
2.8. Other design concepts
2.8.1. Stuttgart/ Lie`ge
The experiments conducted by the authors of [41] and [43] were already presented
in section 2.4.2. In their theoretical work, the authors suggest to use the slenderness
definition of the gross cross-section disregarding effective cross-section values. Local
effects are considered by a fitting factor β.
The slenderness is thus defined as:
λ¯int = β {χa, ρp, ieff} λ¯GL (2.32)
β is as indicated in Eq. 2.32 depending on the global slenderness λ¯GL calculated with
the gross cross-section properties, the effective properties using the reduction curve of
[2] to assess ieff and ρp, and the global reduction factor χa using buckling curve a. The
equation for the fitted β was found by Detzel to be:
β =
i
ieff
[
1− 0.5χa
(
1− 0.6√ρp
)]
(2.33)
The derived design approach was not evaluated for cross-sections objected to bending. As
for the concentrically loaded columns in the numerical studies, it was shown the assumed
grade of conservatism lessened with increasing local slenderness. An application to more
(locally) slender sections than 1.1 could therefore not be concluded. The approach is thus
very confined it its application due to slenderness range and loading conditions.
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2.8.2. Overall Interaction Concept
The overall interaction concept (O.I.C) aims at a single stability check including different
stability failure modes, such as local, global and distortional buckling. The basic idea
is the evaluation of a decisive slenderness, which is assessed numerically for the whole
member section.
λ¯rel =
√
RRESIST
RSTAB
(2.34)
This is equivalent to the suggestion of Mu¨ller [64] and the definition in EC3 [1], where
the slenderness is assessed with
λ¯system =
√
αult,k
αcr
(2.35)
In both equations 2.34 and 2.35, the minimum load amplifier for the design load to reach
the characteristic value of resistance of the most critical cross section (αult,k, RRESIST),
neglecting any plate buckling and lateral torsional buckling can be found in the nominator.
The minimum load amplifier for the design load to reach the elastic critical loading of the
member including plate buckling and lateral torsional buckling modes is thus found in
the denominator (αcr, RSTAB ). The approach by [64] was also adopted in the Annex B
of [2] for the interaction of local and lateral torsional buckling. The O.I.C addresses so
far I-sections and cold- and hot-formed tubular sections. The combined stability design
check consists of an equation in the Ayrton-Perry Format, where the constants are fitted to
numerical simulation results of the respective cases. An additional factor β is introduced
to allow for the consideration of strain hardening effects. E.g. the design formula for
quadratic cold-formed tubular sections subjected to combined load cases, My + Mz,
yields to:
χCS =
β
φ+
√
φ2 − λ¯δCS · β
(2.36)
using:
φ = 0.5
[
1 + (αcs (1− nγ)) (λCS − (λ0 − λ0 (1− nγ))) + λδCSβ
]
(2.37)
n defines here the proportion of normal force exploitation. αCS, γ, β, δ are fitted to
the numerical results for each loading case and section, respectively. Based on the
O.I.C-approach NSeir published in 2015 her PhD thesis [65], where the χCS equations
were fitted for numerous cases.
The studied cases of [65] concerned tubes, where in the present thesis welded sections are
investigated. Furthermore, the approach in the present thesis is aimed on a pure analytical
approach, where the O.I.C. method as proposed in [65] implies calibration and fitting to
extensive numerical work.
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2.9. Summary
The purpose of this chapter has been to provide an overview of the current research and
state of the art of the subjects investigated within this thesis. The basic characteristics of
high strength steel material and stability issues were introduced. Relevant experimental
research was presented and comprised to a database, see Annex A.4, which is used in the
evaluation chapters 6. Different possible design approaches handling interaction of local
and global buckling were presented, deviating in their range of application and focus of
stability modes.
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3.1. Introduction
The aim of this chapter is to present the relevant theory and methodology to the coupled
instability problem. The mandatory design procedures of the European Standard [1][2]
are presented in section 3.2. In case of the calculation of local effects, EC3-1-5 [2] gives
two possibilities to define the effective cross-section. Both methods are described in
this chapter, where the more precise one is used as a benchmark for the derivation of an
improved assessment to assess the effective cross-section in chapter 5 and for evaluation
purposes in chapter 9.
The required statistical methods, which are necessary to assess the reliability for
local buckling are introduced in section 3.3. The correlated Code [3] offers different
possibilities and gradings to derive a safety factor γ∗M: these functions are further
explained and used to derive several optimised resistance functions for local buckling,
see section 6.2. The reliability can be assessed subsequently in chapter 6.
Numerical solutions, using different levels of operating expenses are described and
discussed with their application restrictions in section 3.4. They are essential for the
studies conducted in chapter 7.
For the numerical modelling, the material stress-strain relations have to be defined. In
scope of the experiments undertaken, the corresponding coupon tests revealed very
good quality and thus hardening behaviour of the material. However, for numerical
parametric studies, to derive general acceptable design concepts, lower bound curves
for the material have to be derived. These should contain the minimum requirements
regarding yield strength ratio and elongation at ultimate load, which were summarised in
section 2.2.2. The resulting material law represents then the worst possible hardening
behaviour still accepted by the Code [4]. In section 3.5, a general approach for the
derivation is summarised using the Conside`re-Criterion. The derived minimum curves
are used in the numerical studies of chapter 7.
The influence of imperfections on the stability behaviour is further analysed in section
3.6. Here, local and global imperfections are discussed with their possible definition.
Geometric equivalent imperfections are described with respect to how they can be
implemented in column models. The section explains the chosen imperfection approaches
used in the analytical chapter 8.
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Finally, one of the most crucial aspects in stability calculations is the definition of
slenderness. Different possible definitions are discussed in section 3.7 and explain the
selected definition used in chapter 8.
3.2. Stability Design according to European Standards
3.2.1. The Eurocode 3-1-1 [1] method for flexural buckling
To design against coupled instability, Eurocode3-1-1 [1] allows to calculate the resistance
with a reduction of plastic or elastic resistance on cross-section level. The design check
is based on linear elastic buckling response, where non-linear effects are accounted for
by specific interaction factors. Thus, axial forces and bending moments can be assessed
and treated separately. For pure compression, this leads to:
NEd
χNRk/γM1
≤ 1 (3.1)
In dependence of boundary conditions and moment distribution along the column,
occurring bending moments are increased by factors k:
NEd
χcNRk/γM1
+ kyy
My,Ed
MRk/γM1
+ kyz
Mz,Ed
MRk/γM1
≤ 1
NEd
χcNRk/γM1
+ kzy
My,Ed
MRk/γM1
+ kzz
Mz,Ed
MRk/γM1
≤ 1
(3.2)
In the cases investigated within this thesis, the moment distribution along one axis of
the column was always constant, while the perpendicular axis has a moment of zero
magnitude. As the cross-sections were all squared, Eq. 3.2 simplifies to:
NEd
χcNRk/γM1
+ kyy
My,Ed
MRk/γM1
≤ 1 (3.3)
with:
kyy = Cmy
(
1 + 0.6 · λ¯c NEd
χcNRk/γM1
)
≤ Cmy
(
1 + 0.6
NEd
χcNRk/γM1
)
(3.4)
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and Cmy = 1 for constant moment distribution along the column. The moment resistance
MRk for cross-section Class 4 is given as the effective elastic resistance:
MRk = fy ·Weff (3.5)
According to [1], for slender cross-sectional parts, an artificial reduction of their area has
to be taken into account to capture the loss of stiffness due to plate buckling, see also
section 2.5.2. With the local reduction factors, an effective cross-section is calculated,
which is used for the definition of the resistance and thus influences also the definition of
the slenderness, see Eq. 3.6.
λ¯c =
√
Aefffy
Ncrit
(3.6)
The calculation of the effective cross-section according to [2] is described in section 3.2.2.
The reduction factor on the resistance is then assessed by:
χc =
1
φ+
√
χ2 − λ¯2c
(3.7)
φ is thereby calculated under consideration of the imperfection factor α, which equals in
the study at hand 0.34, using buckling curve b.
φ = 0.5
[
1 + α
(
λ¯c − 0.2
)
+ λ¯2c
]
(3.8)
The buckling coefficient α denotes the sensitivity of the cross-section towards
imperfections. As already outlined in section 2.3.2, structural and geometrical
imperfections are of vital importance in stability design. Especially the structural
imperfections are not easily to handle for analytical or hand calculations. Sophisticated
numerical programmes would be needed, which contradicts the demand for efficient
design. Therefore, the reduction curves for global as well as local buckling include
structural as well as geometric imperfections from fabrication and assembling processes.
EC3-1-1 distinguishes thereby 5 buckling curves for global buckling, where cross-sections
are classified according to their sensitivity towards these imperfections. E.g for weak-axis
bending of an I-section, the corresponding buckling curve is always worse than the curve
for strong axis bending. Higher strength steel is generally better classified due to lower
residual stress. The allocation of cross-section to imperfection factor α is shown in Fig.
3.1 and the corresponding values in Table 3.1. The derivation of α was already shown in
section 2.6, Eq. 2.19. α implies an equivalent imperfection, comprising structural and
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Figure 3.1.: Selection of buckling curve for a cross-section according to [1]
Table 3.1.: Imperfection factor α according to [1]
buckling curve a0 a b c d
imperfection factor α 0.13 0.21 0.34 0.49 0.76
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geometrical imperfections of the real structural member, which is applied on the perfect
column to achieve the realistic ultimate load.
For second-order analysis, EC3-1-1 [1] provides for simple columns the following Table
3.2. Here, knowing the imperfection factor and analysis method, the corresponding
initial curvature and initial imperfection e0 can be read. These imperfection factors are
depending on the buckling curve and analysis method, elastic or plastic. In this thesis,
the definition for e0 was used under the assumption of buckling curve b for welded box
sections, see Fig. 3.1 and elastic analysis, resulting in e0 = 1/250 · Length, see Table
3.1. The value was used in the numerical parametric studies in section 7.8.
Table 3.2.: Design value of initial local bow imperfection e0/L for members [1]
elastic analysis plastic analysis
buckling curve e0/L e0/L
a0 1/350 1/300
a 1/300 1/250
b 1/250 1/200
c 1/200 1/150
d 1/150 1/100
Background information on EC3-1-1 is provided by the Technical Committee 8 – Stability
of ECCS in [66].
3.2.2. The Eurocode 3-1-5 [2] method for plate buckling
To calculate an effective cross-section due to local buckling, [2] offers two possibilities:
• a basic/ simplified procedure;
• with a reduced slenderness λ¯p,red, under consideration of the true loading conditions:
clause 4.4(4) of [2].
For the basic procedure, the by ρ reduced plate-width for all four plates is assessed
separately using the known Winter-Formula, see also Eq. 2.12:
ρ =
λ¯p − 0.055(3 + ψ)
λ¯2p
(3.9)
ψ is in this context the stress ratio along each plate. The resulting widths can be taken
from Fig. 3.2.
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Figure 3.2.: Effective width of internal compressed elements [2]
Under uniform stress, [2] assumes for each plate hinged boundary conditions and thus a
buckling factor kσ = 4. The slenderness is characterised by:
λ¯p =
√
fy
σcr
=
b¯/t
28.4 ·
√
235
fy
· √kσ
(3.10)
Using this simple approach, the plates of the cross-section are treated individually and
any interaction of them is neglected.
In clause 4.4(4) of [2], the possibility is given to consider the real stress (σcom) distribution
and thus take into account the effects due to bending.
λ¯p,red = λ¯p
√
σcom,Ed
fy/γM0
(3.11)
The bending of a column leads to an increased k-value for the decisively/ most loaded
plate, as the adjacent faces act as additional clamps. For the assessment of the elastic
critical load, this value can be derived by using the Opensource programme CUFSM,
which uses the Finite-Strip-Method to calculate the critical load of a given structure [67],
see section 3.4.3. With the input of Young’s modulus (210,000 MPa), the cross-section
geometry and the load pattern ψ, a load amplification factor is given as output, defining
the critical load but also the buckling factor k. Thereby, k can be described in dependance
of the load pattern ψ, as depicted in Fig. 3.3. The figure was derived in this study for
squared box sections, evaluating several cases at specific points and interpolating with a
polynomial function.
Furthermore, as we know that:
σcr = k · σE (3.12)
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Figure 3.3.: Derivation of k in dependance of the stress pattern ψ for quadratic box
sections
where σcr equals the critical stress and σE the equivalent buckling stress, the slenderness
of the most loaded plate can be calculated.
The reduction factor ρEC of the most loaded plate is consequently assessed with this
k-factor derived from the Finite-Strip-Analysis, while the k-values (and subsequently
the ρ-values) of the opposite and adjacent faces are set in dependency to the first one.
The reduction factor ρEC can be calculated according to Eq. 2.12 [2]. We can calculate
then:
kopposite =
k
ψ + (1− ψ) · t/b
λ¯p,opposite =
b¯/t
28.4
√
235
fy
√
kopp.
ρopposite = ρEC ·
(λ¯p,opp. − 0.22)/(λ¯2p,opp.)
(λ¯p,loaded − 0.22)/(λ¯2p,loaded)
(3.13)
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and for the two adjacent plates in bending:
kadjacent =
k
ψ + (1− ψ) · (b− t) t/b
λ¯p,adjacent =
b¯/t
28.4
√
235
fy
√
kadj.
ρadjacent = ρEC ·
(λ¯p,adj. − 0.055 · (3 + ψ))/(λ¯2p,adj.)
(λ¯p,loaded − 0.22)/(λ¯2p,loaded)
(3.14)
The correlation between the three different ρ′s are depicted later in Fig. 5.1. Throughout
the studies reported in this thesis, whenever referred to EC3-1-5, λ¯p was calculated as
stated in Eq. 3.11.
In respect to imperfections, the valid Winter or reduction curve was confirmed by
Finite-Element simulations using a local imperfection of b/400 [68]. However, the
code itself recommends to calculate with b/200 in its Annex C [2].
Background information on EC3-1-5 can be found e.g in [69][70] or [71].
3.3. Reliability and statistical methods in European
Standards, EN 1990 [3]
3.3.1. General Information
The definition and the reliability of load and resistance units is regulated in EN 1990 [3]
for all materials (concrete, timber, steel etc.). It was aimed at an uniform and consistent
procedure to allow for the quantification of safety aspects. While the respective procedure
is applicable to all failure modes covered in the Eurocode parts, stability is of special
concern, as here failure occurs sudden and without prior notification. While the failure of
a beam in bending would deflect firstly ductile and would such make the failing process
visible, a buckling column would give no time for evacuation processes. The provision of
a defined safety level is thus imperative.
As some of the design procedures of EC3 were developed before EN 1990, the safety
concept differs and the design might not fit to the concept prescript by EN 1990. E.g. the
local buckling resistance curve was derived as a simple mean function of experimental
results, not as a lower envelope not to mention considering a certain failure probability, see
section 2.5.2 for details. For global buckling, the application of the reliability assessment
procedure of [3] leads to inconsistent, non-homogenous level of safety for different failure
modes [72]. This also underlined by other researchers, e.g. [64]. The need of a γM1-value
higher than 1 is currently under discussion in the responsible committee CEN/TC 250
SC3.
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In this thesis, the current resistance curve for local buckling provided by [2] is evaluated
using the experimental data base gathered in chapter 2 and enlarged in section 4.3. The
curve is assessed in regard to the corresponding safety factor γM0 used for the effective
width method. The methodology to do so is introduced in its basics in this section.
The safety concept of the European design codes is based on probabilistic methods.
This means that the classification of a structure into a safe or unsafe one is defined by a
pre-concerted probability of failure. An absolute certainty of non-failure is not possible
and accepted. In general, the reliability Z of a unit (e.g. a structure) is the property
to fulfil a capacity under defined conditions in a defined time period with a defined
probability. Reliability can be expressed as the complementary to the probability of
failure Pf :
Z = 1− Pf (3.15)
To help quantifying the probability of failure, a reliability index β is introduced, which
correlates with Pf as shown in Eq. 3.16 :
Pf = φ (−β) (3.16)
Thereby φ denotes the standardised normal distribution function. Eq. 3.16 allows now a
direct quantification, which is e.g. given in [3] and illustrated in Table 3.3. Referencing
to a time period of 50 years [3], a β-value of 3.8 implies here a probability of failure of 1
in 10.000.
Table 3.3.: Correlation between Pf and β
Pf 10
−1 10−2 10−3 10−4 10−5 10−6 10−7
β 1.28 2.32 3.09 3.72 4.27 4.75 5.2
To derive a design value of resistance Rd, β is multiplied by a sensitivity factor αR, which
is given in [3] as 0.8. The factor allows to separate the influence from the loading side
(where αE would be 0.7 and the sum of the square roots of αR and αE would lead to 1).
The design value can thus be calculated e.g. for a standard normal distribution with:
Rd = µ− αR · βσ (3.17)
In Eq. 3.17, µ denotes the mean value and σ the standard deviation. Substituting β with
3.8 and αR with 0.8, the equation simplifies to:
Rd = µ− 3.04 · σ (3.18)
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Figure 3.4.: Safety concept used in Eurocode
For design, this means consequently the failure probability should not exceed 1 in 1000
cases in 50 years, see Table 3.3.
The graphical interpretation of the safety concept is illustrated in Fig. 3.4. On the left
hand side one can see that for a distance of 2 standard deviations (= 1.64σ) to the mean
value µ, the 5%-fractile is reached and thus applicable for characteristic values. To reach
the design value, equaling the 0.1%-fractile, 3 standard deviations (= 3.09σ, 0.8 · 3.8 · σ,
respectively) are necessary.
Knowing the mean value µ and standard deviation σ of a unit or model, the Coefficient
of Variation (CoV) can be derived like in Eq. 3.19. The CoV is a standardised measure
of dispersion of a probability distribution.
V =
σ
µ
(3.19)
Assuming a log-normal distribution of the resistance values and using Eq. 3.19, Eq. 3.18
would be rewritten to:
Rd = µ× exp (−3.04 · Vr) (3.20)
To define or quantify the reliability of a structure, the basic variables of action (loading)
and reaction (resistance) in the structure have to be identified. In this thesis, the focus
is on the determination of a safety factor γM, which defines the safety margin on the
resistance side. As the determination is based on experiments, for the action, the loading
is known and without scatter. The characteristic values Rk can be derived similar to Eq.
3.21 or Eq. 3.22, respectively with:
Rk = µ− 1.64 · σ (3.21)
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for a normal distribution and assuming a log-normal distribution by writing:
Rk = µ× exp (−1.64 · Vr) (3.22)
For the resistance, it is possible to distinguish between the model uncertainty - quality
of the prediction of the resistance model compared with the actual resistance - and
uncertainties in the basic variables of the structure itself, material properties and geometric
data, respectively. The coefficients of variation of both lead to a common value, which
will finally lead to the desired safety factor.
It is assumed that the basic variables on which the failure mode depends in the case
investigated are following a normal or log-normal distribution, as indicated in Fig. 3.5
and that they are independent of each other. This is a rather simplified assumption, as
e.g. the strength of steel material is known to be thickness dependent. Certain quantities
are usually neglected, e.g. the Young’s Modulus E which is usually not determined
in the material certificates and thus not available for evaluation purposes. While for
E the assumption of 210,000 N/mm2 is commonly accepted as natural constant, the
quantities of local and global imperfection are usually neglected as basic variable, too.
This is due to the fact that reliable data is usually hard to assess with conventional
measurement techniques and thus seldom available. As this is, however, a major variable
in stability issues, the capturing of scatter in imperfection amplitudes are shifted to the
model uncertainty.
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3.3.2. Model uncertainty Vδ
The model uncertainty is assessed by the CoV for the resistance model Vδ. This could
be done using the basic Eq. 3.19, but in Annex D of [3] a more sophisticated approach
is recommended. First, the experimental results re are compared with the theoretical
results of the resistance model rt. The deviation between both is characterised by the
mean deviation b:
b =
∑
rert∑
r2t
(3.23)
For each experiment i, the corresponding scatter can subsequently be estimated:
δi =
rei
b · rti (3.24)
Using some interim steps for a set of n experiments:
∆i = ln (δi)
∆¯ =
1
n
n∑
i=1
∆i
(3.25)
the Variance s can be calculated:
s2∆ =
1
n− 1
n∑
i=1
(
∆i − ∆¯
)2
(3.26)
And knowing the Variance, finally the Vδ is assessable:
Vδ =
√
exp (s2∆)− 1 (3.27)
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3.3.3. Uncertainties of the basic variables VXi
The basic variables describe the main parameters influencing the resistance. In case of
local buckling, these are the geometric properties like plate width b and thickness t, and
the material strength fy. The imperfections and the Young’s Modulus are neglected as
scattering units as discussed in section 3.3.1.
Vrt is the resulting CoV of all CoVs of the basic variables. To derive Vrt, [3] gives several
possibilities. The most simple method is to use the sum of the squares of all j CoVs:
V 2rt =
j∑
i=1
V 2Xi (3.28)
If the resistance function grt is of complex character, it is suggested to use the partial
derivative of the function grt for each basic component Xi, to include local sensitivities:
V 2rt =
V AR [grt (X)]
g2rt (Xm)
=
1
g2rt (Xm)
×
j∑
i=1
(
∂grt
∂Xi
× σi
)2
(3.29)
Xm indicates here the mean value of a unit. This could be e.g. the mean value of yield
strength, which is assumed to be higher than the nominal value. The occurring scatter of
the respective variable is assumed to be centred at its mean value.
3.3.4. Standardised procedure to derive a safety factor γM and γ∗M
If using Eq. 3.28 and if the uncertainties of the model and of the basic variables are small,
[3] allows to calculate the resulting CoV as shown in Eq. 3.30:
V 2r = V
2
δ + V
2
rt (3.30)
If the resistance function is of complex character, and thus Eq. 3.29 is used to assess Vrt,
Eq. 3.31 has to be used:
V 2r =
(
1 + V 2δ
) (
1 + V 2rt
)− 1 (3.31)
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Using the comparison of the experimental results (where we assume a large set of data)
with the theoretical results, the safety factor γM is defined by:
γM =
rk
rd
=
b · grt (XM) exp
(−k∞Q− 0.5Q2)
b · grt (XM) exp (−kd∞Q− 0.5Q2)
(3.32)
The Q-value depends on the CoV Vr, which is a combination of model uncertainty and
basic variables, see Eq. 3.30, Eq. 3.31, respectively:
Q =
√
ln (V 2r + 1) (3.33)
k∞ and kd,∞ (Eq. 3.32) are fractile values for data sets with n→∞. They are tabulated
in the Code for a confidence interval of 75%, where k∞ is for characteristic values
(displaying a 5%-fractile), approaching 1.64. For the design fractile value (displaying a
0.1%-fractile), kd,∞ approaches 3.04 (equating αR · β = 0.8 · 3.8) according to [3]. Exact
would be 3.09, see Table 3.3, but since both values are close, the margin of error is small
and ignored by the Code.
The experimental results rk are calculated as indicated in the nominator of Eq. 3.32 and rd
in the denominator of the same equation. The resistance function grt is assessed thereby
with the assumed mean value of the scattering unit. With this approach, no benefit can be
taken from better properties than expected, e.g. a higher yield strength provided by the
steel supplier than ordered by the designer. Especially in case of mild steels S235 and
S355, it could be assumed in the past that the actual yield strength would be much higher.
The effect could be also more negatively, e.g. for rolled sections the suppliers tend to
produce the sections close to the lower geometric tolerances provided by the respective
production codes. The designer, however, does not know which are the actual values of
the profiles or plates used in the designed construction. Thus, the calculations are carried
out with the nominal values. In [3], this leads to a corrected safety factor γ∗M:
γ∗M =
rn
rd
(3.34)
In Eq. 3.34, instead of the characteristic resistance value rk, rn is used: rn calculates the
resistance with the nominal value of all scattering units. The γMi values in EC3 are all
derived for γ∗M.
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3.4. Numerical Solutions
3.4.1. General Information
The following section provides an overview of numerical solutions, which are able to
solve certain or several stability issues. For each method an example programme is given,
used also within this study.
Basically, it can be distinguished between elastic and plastic solutions.
• Eigenvalue and Eigen-bucklevalue Analysis (both elastic)
• Geometric linear and non-linear solutions
• material linear and non-linear solutions
To assess the resistance of structures prone to stability failure, the first step is to calculate
the elastic buckling solutions. The result gives vital information to define the slenderness
of a structure and it might also indicate already interacting failure modes. The shape of
the elastic buckling solution is additionally used commonly to include imperfections for
latter plastic simulations.
3.4.2. Elastic critical load for local buckling - EBPlate
For the local critical load, EBPlate [73] can be used. It is an open source programme
and allows to calculate critical loads for stiffened and un-stiffened rectangular plates
with varying boundary conditions under in-plane loading. The stiffener can be defined
in longitudinal and transversal direction: its geometry input includes open and closed
sections. Arbitrary, linear loading conditions for normal stress and shear can be applied
as well as patch loading, where the output are the buckling factor kσ and the critical stress
σcrit,p.
3.4.3. Constrained Finite Strip Method - CUFSM
The elastic buckling solution for a column or beam element of constant cross-section
can be assessed using the Finite Strip Method (FSM). Here, the structural element is
discretised into longitudinal strips. In comparison with the Finite Element Method the
discretisation is carried out in only one direction, saving constraints and thus equations.
The selected shape functions of the classic FSM result in pinned and free-to-warp
end conditions. The “conventional” FSM was implemented first in the open-source
programme CUFSM (provided by the Thin-walled Structures Group of the Johns Hopkins
University, Baltimore) [67], allowing for the modal identification of the overall buckling
mode. The contributions from single stability modes as local, distortional and global can
be quantified thereby by assessing and weighting the energy contribution of membrane
and bending strain from each part of the cross-section. As the cross-section is constant,
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the length of the member can be varied, leading to a shift or change from one failure
mode to the next. The result of the conventional FSM is thus a so-called signature curve,
where for the assumed number of half-waves n (in longitudinal direction) the critical
load factor is opposed to the length of the element. When selecting multiple n, the result
will be the lower envelope of the otherwise single resulting curves. Examples and further
explanations can be found in section 3.7.3.
Recent developments led to the inclusion of a “constrained” FSM. By applying smartly
constraints, it is possible to separate the failure modes and study them in detail. An
example for an open section is shown in Fig. 3.6. The “constrained” solution is not in the
pre-settings and has thus to be chosen separately.
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Figure 3.6.: FSM and constrained FSM solution, example
More details on the FSM and CUFSM can be found e.g. in [63] and [67]. Several other
programmes are available, e.g. THIN-WALL [74], which is provided by the Centre for
Advanced Structural Engineering, University of Sydney.
3.4.4. Finite-Element Method - ANSYS
The Finite-Element method is suitable to calculate arbitrary structures under various
loading and boundary conditions. It allows to include i.a. non-linear properties regarding
material and geometry as well as imperfections (GMNIA - Geometrically and Materially
Non-linear Analysis with Imperfections). It provides a numerical solution for given
convergence criteria, where the Newton-Raphson solver in its numerous variations is
usually the basis. Background on the relevant functions can be found e.g in [9][75] or
[76].
The interaction of local and global failure behaviour is characterised by a snap through
and/ or snap back and possibly large deflections, see also section 2.3. The snap shown
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in the respective load-displacement course depends on the ratio of local and global
slenderness as well as the absolute slenderness values. Numerically, this phenomenon
needs special treatment, as the solution is not distinct. Fig. 3.7 illustrates the issue, where
a load-displacement curve is shown exemplified for a complex structure. Applying the
Newton-Raphson method, the solution would be not robust as for a load controlled path,
the solution would not converge after reaching the ultimate load where the declining
branch cannot be depicted. A displacement controlled loading on the other hand would
not be able to depict the snap through as the displacement would have to be reduced.
u

failure of force controlled loading
failure of displacement controlled loading
Figure 3.7.: Non-convergence issues for snap through and snap back problems [77]
The Arc-length is a suitable method to follow such characteristics, as during the solution
the load factor λ as well as the displacement u are handled as unknowns and instead of
controlling one of them (e.g. λ in displacement control) their combination is controlled.
The method traces back to Riks [78], who derived in 1979 the basic procedure. Different
approaches are possible to look for convergence, e.g. the search orthogonal to the last
secant or to the first tangent [9]. The modified method implemented in ANSYS was
developed by Crisfield [79] who suggested to search on a circle with the centre in the last
converged solution, see Fig. 7.4. However, for snapping problems there might be two
solutions on the track as indicated in Fig. 3.9 for snap through (left) and snap back (right)
courses. In practice, only the forward solution is wanted. Moreover, if the backwards
solution does not follow on the same path, e.g. in case of plasticity, the solution is not
distinct and might end in not usable results. More details on the arc-length method can
be found e.g. in [80].
The methodology of the method discussed here explains the increasingly severe
convergence issues which occurred during the conduction of the parametric studies
and is discussed in section 7.8.
3.5. Material modelling using the Conside`re-Criterion
The hardening behaviour of a steel material defines only the postbuckling behaviour
of a column or plate. For the assessment of the ultimate load of a structural member
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Figure 3.9.: Undistinct solutions using Arc-Length solver for snap through (left) and snap
back (right) problems
prone to global stability failure, the influence is thus of very minor magnitude. However,
as in the study at hand local buckling is concerned, local plastifications might occur
before the global failure. To not overestimate these possible load carrying capacity, a
conservative approach to derive lower bound material curves was chosen. Here, the
hardening characteristics mirror the minimum requirements stated in the Code [4].
In the engineering stress-strain curve of a coupon material test, the degradation of load
capacity is characterised by plastic instability, reflected by localised necking of the
material. In the load displacement curve of a tension coupon test, this point can therefore
be identified as the ultimate load (dF = 0). At this point, the product of increasing stress
and actual cross section A corresponds to the product of actual stress σtrue and cross
section reduction dA.
dF = 0 = dσtrue · A+ σtrue · dA⇔ dσtrue
σtrue
= −dA
A
(3.35)
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Assuming constancy of volume in the plastic range (dV = 0), we can define by knowing
the increasing specimen length dL and the actual length L:
dV = 0 = dL · A+ L · dA⇔ −dA
A
=
dL
L
(3.36)
The nominal length ε is determined by referring the change of length dL to the original
gauge length L0. The true strain εtrue, however, is referred to the actual length L. As the
actual length is constantly changing, the true strain is usually expressed in differential
form:
dL
L
= dεtrue (3.37)
Equating Eq. 3.35 with Eq. 3.36 and Eq. 3.37 results in the relation between hardening
dσtrue
dεtrue
and true stress σtrue, also known as Conside`re-criterion:
dσtrue
σtrue
= −dA
A
=
dL
L
= dεtrue ⇔ dσtrue
dεtrue
= σtrue (3.38)
This criterion ensures that at ultimate load (dF = 0) the true stress strain curve and its
derivation (which is the hardening) intersect. Conside`re can thus be used to determine the
point of plastic instability (or ultimate load/strength) occurrence. This implies that with
invariable hardening a reduction of uniform elongation with increasing yield strength
occurs, see Figure 3.10 [82].
While the hardening and thus the fu/fy-ratio is influencing the material behaviour, the
definition of strain at ultimate load is geometry dependent and not applicable on structures
in a general manner [83].
To derive artificial true stress-strain curves, which are used for the parametric numerical
studies in chapter 7.8, the Hollomon− equation is applicable, see Eq. 3.39.
σtrue = kH · φnH (3.39)
In this equation, kH is the material depending Hollomon constant and nH is the exponent
which also equals the uniform elongation. Combining Conside`re and Hollomon, it is
possible to generate any combination of true stress-strain curves with given fu/fy-ratio
and εu. The investigated curves in the parametric studies were scaled such that the
minimum requirements of EC3-1-12 [4] were met, see section 7.3.2.
These requirements lead, however, to very low hardening characteristics of the material.
The approach can thus be considered as very conservative, although the influence is
limited to local effects. A side effect is additionally issues in the convergence of the
numerical studies.
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Figure 3.10.: Limitation of εu due to the Conside`re-criterion [82]
3.6. Stability and Imperfections
3.6.1. Influence of global imperfections on column behaviour
For elastic column buckling, Maquoi et. al. showed in [21] the basic correlations: the
ultimate load can be predicted, assuming that failure occurs when the yield stress in the
most stressed fibre of the cross-section is reached, see Eq. 3.40.
fy = σEd +
σEd · e0
1− σEd/σcr
A
W
(3.40)
Thereby, the second order effect - the increase in deflection due to imperfections,
respectively - can be captured with the limiting value derived from the geometric series
term (1− σEd/σcr). Eq. 3.40 can be rewritten as:
(fy − σEd)(σcr − σEd) = η · σEd · σcr (3.41)
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To weight the influence of just the geometric global imperfection, Eq. 3.41 can be
rewritten, using χc = σEdfy :
1 + χ2cλ¯
2 − χc − χcλ¯2c = ηχc
χc =
1
1− χcλ¯2 + η + λ2c
(3.42)
χc can then be assessed with equation (3.43):
χc =
η + λ¯2c + 1± 0.5
√
(1 + η + λ¯2c)
2 − 4λ¯2c
2λ¯2c
(3.43)
The influence of imperfection in dependence of the slenderness can be shown by partial
differentiation with respect to η:
φc(η1, η0) =
χc(η1)− χc(η0)
η1 − η0 (3.44)
The φc can be interpreted hereby as the weighting or sensitivity factor. The derivative
yields then to:
χc′(η0) = lim
η1→η0
χc(η1)− χc(η0)
η1 − η0 (3.45)
The presentation of Eq. 3.45 in dependence of the slenderness can be seen in Fig. 3.11.
Here, the slenderness is shown versus a It shows that columns around a slenderness of
λ¯c = 0.81 are more sensitive to imperfections than e.g. very slender ones. Applying
similar global imperfections will thus lead to greater impact in this area.
3.6.2. Impact of imperfection appliance: eccentric loading or bow
imperfections using the secant formula
In this section the differences in the application of an eccentric loading and an initial bow
imperfection are discussed. The discussion explains the imperfection approach chosen in
chapter 8.
Applying an extra imperfection e at the load introduction as shown in Fig. 3.12 will lead in
case of short columns to a constant moment (M0) along the column. For slender columns,
however, the exact solution would lead to an increase of transversal displacement in the
middle of the column and also to an increase of moment at the same place.
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Figure 3.12.: Column loaded with an eccentricity e
Evaluating the increase in transversal displacement, the gross displacement w can be
calculated with Eq. 3.46 :
w =
e0
1− NNcrit
+ e
(
sec
(
l
2
√
N
EI
)
− 1
)
(3.46)
where the first term displays the second order effect from the initial bow imperfection. In
case of elastic calculation and buckling curve b, according to [1] l/250 is assumed. The
second term includes the intentional load eccentricity e multiplied by a load depending
factor using the secant formula to achieve an exact solution. The loss in stiffness in the
column due to an additional eccentricity is shown exemplified in Fig. 3.13. The curves
show the load-displacement course for different ratios of the eccentricity e to the radius of
the core s. For a ratio of e/s = 0, the second term remains naught, and the displacement
depends only on the initial bow imperfection and the second order effect. With increasing
ratio, up to 1, which means that one face is completely under compression while the
opposite face is not loaded (ψ =0), the load-displacement course shows a decrease in
stiffness.
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Figure 3.13.: Column loaded with varying eccentricity loading e/s
Using the same approach, the maximum moment at x = l/2 can be written as:
Mmax = N · e · sec
(
l
2
√
N
EI
)
(3.47)
It may be noted that Petersen [44] provided a ready to use formula for simple cases,
including the case of a constant moment along the column as dealt within this study. The
moment Mmax is then assessed with:
Mmax = M
I 1 + 0.273 ·N/Ncrit
1−N/Ncrit (3.48)
However, the (exact) maximum stress can be assessed with the secant formula from Eq.
3.47:
σmax =
N
A
+
M · z
I
N
A
(
1 +
e · z
i2
sec
(
l
2 · i
√
N
EI
)) (3.49)
where i denotes the radius of gyration. In Fig. 3.14, the impact of eccentricity in terms of
bending stress in proportion to the gross stress was evaluated in dependency of the local
and global slenderness. For compact cross-section, i.e. λ¯p = 0.75, it can be seen that the
bending proportion increases exponentially with decreasing ψ. For concentrically loaded
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columns, the combined stress from M and N equals N , as the additional Moment is 0.
As the effective cross-section is for this case close to the gross cross-section, no difference
in the curve including effective properties can be seen towards the full section.
0 200 400 600 800 1000
0
200
400
600
800
1000
ψ = 0 ψ = 0.5 ψ = 1.0
λ¯p = 0.75
λ¯c = 1.00
σN[N/mm
2]
σ
M
N
[N
/
m
m
2
]
 
 
gross CS
effect. CS
0 50 100 150 200
0
50
100
150
200
ψ = 0 ψ = 0.5 ψ = 1.0
λ¯p = 0.75
λ¯c = 2.00
σN[N/mm
2]
σ
M
N
[N
/
m
m
2
]
 
 
gross CS
effect. CS
Figure 3.14.: Stress proportions for sections with λ¯p = 0.75
For very slender cross-sections on the other hand, the increase in bending proportion
due to the shift of the centre of gravity becomes more apparent as indicated in Fig. 3.15.
Although this approach could be appropriate for short columns where an eccentricity is
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Figure 3.15.: Stress proportions for sections with λ¯p = 2.0
already present and could thus be amplified, for the limit case of concentrically loaded
columns no loss in stiffness could be achieved, see Fig. 3.14 and 3.15 for ψ = 1.
Additionally, due to the secant proportion, the eccentricity applied at the end of the
column would also lead to an additional bow imperfection in the middle of the column,
which might lead to an extra conservative term.
Using on the other hand an initial bow imperfection ep as presented in Fig. 3.16, no
uncontrolled additional terms have to be considered. The increase in moment is for this
case directly proportional to the applied bow imperfection.
M II = N (e0 + ep) (3.50)
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Figure 3.16.: Column loaded with an additional bow imperfection ep
As this approach is simpler to control in its impact on the structural behaviour and is also
in compliance with the in EC3 used equivalent imperfections, the method was favoured
towards the secant formula for the design approach introduced in chapter 8.
3.6.3. Imperfections and numerical modelling
To implement local and global imperfections, usually modal- and Eigenvalue analysis
are used to derive a scaled shape of the intended imperfection figure. This shape can be
used in further plastic analysis by displacing the nodes of the structure accordingly. The
amplitude of the node displacement can be taken from the informative Annex C of [2],
where recommendations are given how to apply equivalent imperfections. The shape is
shown in Fig. 3.17, the amplitudes are summarised in Table 3.4.
e
02
e
01
length
b
a
a
e
0w
e
0w
b
Figure 3.17.: Implementation of imperfections acc. to [2], global (left) and local (right)
For global imperfection, a modal analysis can be used to derive the desired half-wave
bow of the pinned column. However, the result of a modal analysis is its frequency.
For practical use, the frequency has to be scaled first to 1 and multiplied subsequently
with e0 (or another target value). Second possibility is to displace the structure with
the target imperfection value perpendicular to the longitudinal axis of the column in
a first load step and use the deformed coordinates in a later stage of the calculations.
Although this implies small initial stress in the column, this approach was chosen for the
numerical studies in section 7.8 as it is more robust in numerical terms in the automatised
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Table 3.4.: Equivalent geometric imperfections, Annex C of [2]
Type of imperfection Component Shape Magnitude
global member with length l bow see EC3-1-1, Table 5.1
or tab. 3.2
global
longitudinal stiffener
bow min (a/400, b/400)
with length a
local
panel or subpanel
buckling min (a/200, b/200)
with short span a or b shape
local
stiffener or flange subject
bow 1/50
to twist
parametric studies. In case of very slender structures, the 1st Eigenmode might not be a
sinus half-wave, while the applied deflection depicts always this shape.
Local modes have to be assessed by an Eigenvalue-buckling analysis. This kind of
analysis - see also section 3.4.2 - is load depending, meaning that the loading pattern
has to be chosen in accordance to the aimed result: if e.g. a plate under patch-loading
is investigated, the first Eigenbuckle-mode should be derived using a scaled loading
in the same shape. For a box column, the applied stress should be constant along the
edges at one end of the column. For short columns, the first Eigenbuckle-value will be
in form of a number of half-waves which equal the ratio of the length of the column
divided by the width of the column. This leads to quadratic buckling panels. However,
as the length of the column is not necessarily a multiple of the width, with increasing
length the first Eigenbuckle-value tends to show rectangular buckling panels. Higher
modes can be assessed to find the quadratic pattern. The usage in long columns of either
the first mode or the mode containing the quadratic pattern for the local imperfection
shape showed to be of influence and is discussed in detail in section 7.8.5. The result
of the Eigenbuckling-analyis is a scaled, deformed shape. An example for the 1st mode
is shown in Fig. 3.18 for a column with λ¯p = 1.0 and λ¯c = 0.8. Thus, the shape
can be implemented for further analysis simply with a multiplier equalizing the local
imperfection amplitude.
3.7. Assessing the slenderness of structures
3.7.1. Classical Definition of non-dimensional slenderness
The non-dimensional slenderness is generally defined as the square root of the plastic
resistance of the cross-section divided by the elastic critical load of the cross-section or
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Figure 3.18.: 1st Eigenbuckling mode of a short column, λ¯p = 1.0 and λ¯c = 0.8
a single plate (local slenderness, Eq. 3.10) or the cross-section and its length (global
slenderness, e.g. Eq. 3.6):
λ¯ =
√
plastic resistance
elastic critical load
(3.51)
It describes thus in non-dimensional form the proportion of the theoretically achievable
squash load to the elastic buckling load. For both load values different assessments
are thinkable. The elastic critical load Ncrit is generally calculated with the in 1757 by
Leonhard Euler stated Euler-formula:
Ncrit =
pi2EI
L2
(3.52)
The length L denotes here the buckling length, which would equal the geometric length
in case of a simply supported column.
The effective width method used in [1], [2], respectively, calculates the cross-section
resistance of CSC4 members with a reduced width to take into account the loss of stiffness
of the structure due to local effects. But the critical load is assessed with the Ncrit-load of
the gross section. This might be considered as inconsistent.
The plastic resistance in the nominator of Eq. 3.51 could be taken either under
consideration of the gross cross-section, or as EC3 defines for CSC4, with the effective
cross-section. As these might be tedious to assess for beam-columns, it would be
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preferable to use the gross section properties. Another possibility is to use Nult instead
of Npl, which is e.g. used in [84]: Nult considers the reduction in ultimate load due
to interaction of e.g. axial force and bending. This approach proves to be useful for a
generalised design approach. A detailed discussion follows in section 3.7.3 and chapter
8.
3.7.2. Tangent Modulus Method
In Appendix B of SSRC recommendation for stub column tests [15], it is argued that,
as the material coupon test is conducted in tension, the derived Young’s Modulus is not
adequate for a member in compression. Therefore it is suggested to take the stiffness
parameter from stub column tests, to assess finally the critical load. For the dimensions of
the S960 parametric study, for all 8 box section dimensions an additional stub column test
was numerically calculated, to assess the stress-strain characteristic. At each data-pair
the inclination was examined. When the difference to the pair before became higher than
2%, the tangent modulus at this location was used as Et. The values could be found
between 183,000 N/mm2 and 193,000 N/mm2. As a lower limit value, Et was set to
180,000 N/mm2 which is 14.3% lower than the Young’s Modulus used in the material
description of 210,000 N/mm2. Using Et in the definition for the critical load, it results
in an impact on the global slenderness definition: the slenderness is then increased for
all cases constantly by 8%. The influence of the tangent modulus on the slenderness
definition is thus not pronounced, which was already concluded and analytically derived
by Bijlaard [85]. Compared to the utilisation rate given by Eurocode resistance prediction,
higher values are generally achieved for globally less slender structures, and lower values
for long structures. However, with increasing local slenderness this effect gets enhanced,
leading to very unsafe results when exceeding a local slenderness of 1.1. It can be
concluded that the loss in stiffness due to local buckling in the stub column test, resulting
in a tangent modulus lower than the Young’s modulus, is not sufficient to depict the
cross-sectional weakening and interaction with global buckling.
3.7.3. Generalised slenderness definitions
In section 3.7 different approaches were introduced to calculate a general appropriate
slenderness. As it is aimed at an analytical solution for the coupled stability cases local
and global buckling, but also at an optimisation of the design procedure for the limit
cases pure local buckling and pure global buckling for concentrically loaded columns
and columns in bending, special focus is laid on the definition of critical load in this
section.
A very convenient possibility to assess the critical load is given by the open source
program CUFSM [86]. It is based on finite-strip calculations, allowing for the assessment
of the overall critical load of the gross cross-section dimensions, including thus different
failure modes, see section 3.4.3. The program was originally developed for thin-walled,
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open sections, where the buckling modes are numerous and many interactions have to be
considered (local, global, distortional). Using different settings, it can be distinguished
between the calculation of global and local failure modes. The so-called signature curve
depicts the critical stress in dependence of the length of the structural member, assuming
one sinus half-wave as shape of the failing column, as commonly assumed, see also
Fig. 3.16. The slenderness referred to is here the non-dimensional slenderness of the
gross cross-section λ¯c. For a box-column with varying b/t-ratio, and thus including local
effects, the resulting curves are depicted in Fig. 3.19. The figure shows in the very stocky
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Figure 3.19.: σcrit in dependence of global slenderness λ¯c and b/t-ratio
area a local failure mode, changing then to a distortional mode with very high critical
stresses. Both modes show high dependencies on the b/t-ratio. With increasing global
slenderness the local effects yield to the global ones, merging finally to one curve. This
curve represents the Euler-curve and the corresponding flexural failure mode, indicating
that global buckling becomes dominant and local effects negligible. The distortional
mode for a closed section like the squared boxes under investigation, however, will
probably not get decisive in a real structure due to the boundary conditions. The local
effects will have more impact in this slenderness range. The CUFSM-programme allows
here for a setting considering general boundary conditions and prescribing the number
of half-waves for the failure mode. Evaluated for two different squared hollow sections,
SHS120 - which equals λ¯p = 0.64 - and SHS250 - equals λ¯p = 1.41, the signature curve
and the local curves for up to 10 half-waves are shown in Fig. 3.20. As it was pointed out
by Taras in [84], the elastic bifurcation critical load is governed by the axial force and is
thus independent of bending moments. This is correct for slender columns, where the
Euler-curve is reached. In Fig. 3.20, the influence of a load eccentricity was evaluated
for a ψ varying between 1 (no eccentricity) and 0 (one face not loaded, opposite face
fully loaded). The resulting load factor on the y-axis has to be multiplied here with the
integral of the applied stress (100 N/mm2) and the stress pattern (ψ) to assess the critical
load Ncrit. In dependence of the assumed half-wave lengths, the curves always start
with a number of local minima, increasing then to a maximum (distortional mode, can
also exhibit a plateau) and yield then into the Euler-curve. The lower envelope for all
investigated numbers of half-wave lengths is drawn in red, where the influence of the
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load eccentricity can be found only for short columns.
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Figure 3.20.: Load factor in dependence of ψ and number of half-waves for SHS120 (top)
and SHS220 (bottom)
It becomes apparent that the critical load Ncrit should be taken as the minimum of the
signature curve and the local curves to catch the conservative failure mode. The local
curves depict the well-known Girlande-curves, displaying the local buckling load level.
An example of the theoretical derivation may be found in [46], chapter 9. Bijlaard showed
in [85] the corresponding analytical derivation for the critical load for squared tubes. He
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Figure 3.21.: Critical Stress σcrit for coupled instability acc. to [85] for a cross-section
with λ¯p = 0.8
assessed the mixed critical load by writing:
σcr =
σc · σp
σc + σp
(3.53)
In Fig. 3.21 the graphical interpretation of Eq. 3.53 can be seen. Assuming that the local
mode would be characterised by one half-wave deflection shape along the column (m =
1), in short columns the local mode is dominant and global of no significance. The sector
between 500 and 1800 would be the interaction area, where both critical stress (σp and
σc) are of influence until the global mode governs the resulting σcrit, see left hand side
of the figure. But following the chain of thought derived earlier and shown already in
Fig. 3.20, Fig. 3.21 shows on the right hand side the resulting σcrit when more local
half-waves are taken into account. The solution according to Eq. 3.53 is accurate for
clearly distinguishable failure modes (global, distortional). However, as the real number
of half-waves for the local failure mode cannot be known and is usually assumed to
be quadratic, one has to assume the most unfavourable number and this results in the
minimum or lower envelope of all curves.
In a slightly different representation, Fig. 3.22 shows the critical load normalised
by the plastic resistance of the gross cross-section. The values are plotted against
the non-dimensional global slenderness of the gross cross-section. With increasing
global slenderness, the decisive curve for each local slenderness case merges with the
Euler-curve, see Eq. 3.52, thus showing the decreasing influence of local effects on
the column. As before, this figure also indicates imprecise results when the difference
between local and global slenderness is high.
When taking the minimum (or the lower envelope) as critical load, for the design we
would basically use the global buckling curve, but with the plate slenderness λ¯p instead of
λ¯c. As the local buckling curve lies higher than the global buckling curve, this approach
would lead especially for shorter columns to conservative results. Also, interaction of
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(concentrically loaded columns)
local and global modes would be neglected, as only the minimum of both would be
investigated.
As in the later analytical approach derived in chapter 8 we want to refer to one reduction
curve, namely the global buckling curve, the slenderness definition is based on the global
slenderness by calculating the Euler load: using the minimum critical load from CUFSM
would be very conservative for certain slenderness combinations.
In an attempt to take the realistic loading conditions already in the slenderness definition
into account, for the herein defined generalised slenderness λ¯gs, the definition of plastic
resistance in the nominator shall include the reduction in carrying capacity due to the
eccentric loading.
The slenderness definition for the generalised slenderness approach can thus be
summarised as:
λ¯gs =
√
Nult
Ncrit
(3.54)
Where Ncrit equals the critical Euler load and Nult the plastic resistance of the gross
cross-section under consideration of bending. With the knowledge of the load eccentricity
eL, the ultimate load Nult can be assessed with Eq. 3.55:
Nult =
A · fy(
1 + eL · AW
) (3.55)
As the buckling or critical load is to be found in the elastic branch of the member
behaviour, the value is firstly independent of the yield strength. The influence of the yield
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strength on the slenderness definition is only in the nominator and increasing the strength
will lead consequently to an equally increased slenderness.
A comparison of the generalised slenderness definition with the definition of [1] is shown
in Fig. 3.23.
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Figure 3.23.: Comparison of slenderness definition by [1] and general slenderness
approach (gs)
For the limit case of CSC3, λ¯p = 0.64, and concentrically loaded (ψ = 1), both
slenderness definitions yield the same value, see black continuous line in Fig. 3.23.
While the EC slenderness is independent of the stress ratio ψ, the generalised slenderness
decreases with increasing eccentricity, shown by the grey continuous lines. For locally
slender sections, which are indicated in the same figure with the dashed lines for λ¯p =
1.41, the generalised approach gives consequently higher values than EC as the nominator
is calculated with the gross cross-section.
A similar approach is followed by Taras in [84]. In his study, he includes tubes, I- and
box sections, weak and strong axis bending. He aims at an Direct Strength Method
(DSM) like definition of beam-column strength. The in EC3 used correction factors in
the design formula, see k-factors in Eq. 3.2, to account for the exploitation rate N/Npl
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and moment distribution shape (rectangular, parabolic, etc.) are derived analytically
and included thereby in earlier design steps when addressing the reduction factor χ.
He includes additionally the influence of the moment exploitation M/Mpl towards the
axial exploitation N/Npl, which is known to be of non-linear relation. For reasons of
simplification, a multi-linear approach is chosen to depict the interaction.
Special cross-section depending parameters like imperfection sensitivity and residual
stress distribution are taken into account by a factor ρ, which is used likewise in
the reduction factor. Although the extensive finite-element results show a very good
compliance with the predicted load, the author points out that many parameters have to
be assessed for the precise prediction of ultimate load.
This thesis deals with cases which could be considered as limit cases of Taras slenderness
definition. However, the ratio of moment-exploitation to axial force exploitation of the
cross-section is not considered in the present study, but the applied range of M/Mpl-ratio
is here limited to 0.3 and thus of minor influence.
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4.1. Introduction
Cross-sections made of high strength steel are supposed to have more favourable
properties regarding residual stress, see section 7.4, which is contradicted by usually
lower overstrength ratios, see section 6.5. The overall applicability of the current local
resistance curve according to [2] had thus to be clarified. A series of 34 local buckling
experiments on stub columnns was conducted, which was aimed to complement studies
available from other research projects, see section 2.4 and database in Annex A.4. To
investigate the plain local buckling, the sections were designed as squared, welded box
sections. Steel grades of 500, 700 and 960 N/mm2 yield strength were considered thereby.
The experiments were accompanied by extensive imperfection measurements, which were
used to derive a realistic model to estimate local imperfections, see section 7.5.1. During
the experiments, the load-displacement course and strain distribution were recorded to
assess eccentricities and the ultimate load. The results were used to evaluate the current
local reduction curve of [2] in section 5.2.
Design and fabrication of all specimens are described in section 4.2. The stub column
tests and the results are presented in the following section 4.3.
In a second test series, the interaction behaviour of local and global buckling was
investigated. The series comprised 13 tests on columns made of S500 and S960 material.
They are described in section 4.4 and evaluated according to EC3 [1][2] in section 5.3.
4.2. Design and fabrication
The specimens were designed as squared, welded box sections with varying local
slenderness. The weld was conducted as HV-seam with strength matching filler material,
i.e. the yield strength of the seams were similar to the yield strength of the specimens.
After sawing, the specimens were milled flat at the ends providing a best possible even
surface. Welded end plates were avoided to introduce no further residual stresses. All the
plate material was fabricated according to EN 10149-2:2013 [6].
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4.3. Stub Column Tests
4.3.1. Test matrix and dimensions
It was aimed to cover a significant range of slenderness as the study of previous
experimental programmes indicated different levels of accuracy when comparing the
resistance prediction of [2] with the test results. The minimum slenderness was chosen
close to CSC3 with 0.64 and the highest slenderness in CSC4 was 1.55.
The length of the specimens was always taken to 3*width + 50 mm. This is in compliance
with [15], which gives a guideline for the realisation of stub column tests. The column
is thus short enough to avoid global buckling behaviour, but long enough to allow for a
representative residual stress distribution.
34 stub column tests were conducted, covering the steel grades S500, S700 and S960
with respective plate slenderness from 0.64 to 1.55. The denomination of specimens
contains the steel grade (e.g. 960), the dimensions (e.g. 170-6 means a width of 170
mm and a thickness of 6 mm) and the sequential number (-4 means the 4th test of this
specimen configuration). For each configuration (steelgrade and slenderness), 4 to 5 tests
were conducted, with different eccentricities of load introduction. A complete overview
of nominal values is given in Table 4.1, where λ¯p is estimated acc. to [2].
Table 4.1.: Matrix of stub column tests
Steel Cross-section [mm] Specimen Length [mm] λ¯p No. of tests
S500MC 195x 195x 6 650 0.783 4
250x 250x 4 800 1.554 4
S700MC 180x 180x 6 590 0.851 5
260x 260x 6 830 1.256 5
S960MC 120x 120x 6 410 0.641 4
170x 170x 6 560 0.937 4
220x 220x 6 710 1.234 4
250x 250x 6 800 1.411 4
The actual dimensions are summarised in Table A.1.
For each specimen configuration, 4 to 5 sections were fabricated. This allowed to
vary the applied loading in terms of eccentricity. It was aimed to conduct always two
concentrically loaded tests and 2 to 3 with varying eccentricity.
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4.3.2. Material characterisation
Three steel grades were used for the stub column tests, S500MC and S700MC (both
thermomecanically rolled) and S960MC, directly quenched. Table 4.2 presents the
material properties of the steels used. The lower steel grades S500 and S700 fulfilled all
three requirements presented in section 2.2.2. Applying these requirement on S960, S960
shows lower strain at ultimate strength εu. In case of the research presented here, the
strain values at ultimate strength fu and beyond are considered not to be decisive, as the
specimens are classified to CSC4 and hence should not reach their plastic resistance or
their yield strength fy.
Table 4.2.: Material properties of stub column specimens
Steel t fy fu fu/fy εu
15·
A80
A5
fy,act/E (min. 10%)
[mm] [N/mm2] [N/mm2] [-] [%] [%] [%] [%]
S500MC 4 610 690 1.13 10.64 4.35 17.29 n.a.
S500MC 6 561 634 1.12 12.10 4.00 23.94 25
S700MC 6 760 822 1.08 12.92 5.42 20.04 n.a.
S960MC 6 991 1083 1.09 3.12 7.08 9.42 11
4.3.3. Assessment of imperfections
To measure the geometric imperfections, the specimen was clamped between two supports.
A laser transducer was attached to a sled and connected to a computer. The sled was
mounted on a rail, where the movement in transversal and longitudinal direction could be
regulated. The setup is shown in Fig. 4.1. The sled was programmed to stop at defined
points (usually every 5 mm) along the specimen in a width and length dependent pattern.
The measurements were taken continuously, where at the stopping points laser and the
sledge were lowered. The values were thus smaller for a certain time period such that
these values could be extracted. This procedure was repeated for each face of the stub
columns of all 34 specimens. The measurements allowed for a 3D-plot of each face, see
Fig. 4.1 and 4.2.
To evaluate the data, a reference level had to be defined to state the absolute values of
the deformed shape. To do so, the measured values of the outer left and outer right line
were averaged, defining the mean Z-coordinate. This coordinate was taken as zero-level,
and the angle between this value and the outer values measured in the longitudinal
middle was calculated using the Hesse normal form [87]. With the resulting angle,
the measured values could be rotated to the newly defined plane. The transformed
values define the actual shape of the plate, see Fig. 4.2 on the left hand side. Fig. 4.2
shows additionally the procedure of processing the imperfection measurement data for a
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Figure 4.1.: Setup for imperfection measurements
specimen WS960-W-220-6-1: the measured data (in grey) is approximated by a fitted
shape function, which is displayed in the right part of the figure. A respective function
was derived for all four faces per specimen, assuming a three half-wave shape in the
longitudinal direction and a single half-wave shape in the transversal direction. The plots
of all imperfection measurements for each specimen can be found in Annex A.3.
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Figure 4.2.: Measured data points and fitted surface function
The fitted shape was used for the assessment of local imperfections: these smoothed
values are suited better for evaluation purposes than the actual measurements, as local
peaks due to rust or scratches cannot be avoided. Table 4.3 shows the results. For each
face of the 34 specimens the plate slenderness λ¯p as defined in Eq. 3.10 and the maximum
imperfection e0max value is reported. Additionally, the averaged maximum values, e0mean,
of the 4 faces of each specimen are stated. The latter value was subsequently used for
comparison with the requirements of the fabrication code [7].
The graphical interpretation is shown in Fig. 4.3, with the absolute values of imperfections
on the left hand side and the ratio to the limits given in [7] on the right hand side. The
values are plotted against the local slenderness of the specimens. A moderate scatter
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Table 4.3.: Slenderness and imperfection calculations per specimen configuration
Test λ¯p e0mean e0max DIN EN 1090-2 e0mean/ EN1090
[mm] [mm] [mm]
S500-195-6 0.783 0.2476 0.3761 1.6 0.154
S500-250-4 1.554 0.3928 0.5516 2.00 0.196
S700-180-6 0.851 0.4011 0.6811 1.44 0.278
S700-260-6 1.256 0.4395 0.746 2.08 0.211
S960-120-6 0.641 0.4642 0.7368 0.96 0.483
S960-170-6 0.937 0.3032 0.4663 1.36 0.223
S960- 220-6 1.234 0.4639 0.6642 1.76 0.263
S960- 250-6 1.411 0.4645 0.6749 2.00 0.232
and rather constant values independent of the width of the specimens can be observed.
Due to larger tolerances for increasing plate width, the exploitation ratio decreases with
increasing plate slenderness. All specimens fulfilled the requirements given by the
codes.
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Figure 4.3.: Evaluation of imperfections
The results are used to derive a local imperfection model in section 7.5.1.
4.3.4. Test Setup and Procedure
The testing machine was a Zwick/Roell with 5 MN static loading capacity. At the bottom,
the specimen stood straight on plates, no special hinged bearing was used. The load was
introduced at the top, via a cup and ball bearing. The bearing ensured a constant direction
of loading, even if large end-rotations due to asymmetric local buckling of the specimen
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Figure 4.4.: Build-in specimen (left), schematic drawing (right)
occurred. A built-in specimen is shown in Fig. 4.4 on the left hand side. The test setup
is shown schematically with the cup and ball bearing and its centre of rotation on the
right hand side of the same figure. The distance from the edge of specimen to the centre
of rotation from the cup and ball bearing hub was calculated with the knowledge of the
geometric measurements of head plate thp (experiment depending, either 20 or 40 mm),
vertical composition of the bearing which is shown in the schematic drawing in Fig. 4.4
(40 + 41 mm) and the cup and ball dimensions reported in the corresponding data sheet,
H = 72 mm and S = 52.5 mm .
hub = thp + 40 + 41 + 72 + 52.5 = thp + 205 (4.1)
The applied force by the hydraulic jack was measured with a load cell.
Additionally, the displacement was measured with 3 string pots in vertical (loading)
direction. The out-of-plane deflections were recorded with 2x3 Linear Variable
Differential Transformers (LVDT’s) at two adjacent faces to capture the occurring buckles.
Two strain gauges (SG) at two opposite faces, located at mid-height of the specimen and
close to the welded edges were used to assess the strain distribution in the specimen. The
difference in strain was used to monitor the eccentricity. The strain distribution was used
to align the specimen: following the recommendations for the testing procedure of [15],
the test was stopped at 10% of the plastic resistance Npl, to check the strain ratio of the
opposite faces, calculating the stress ratio ψ. If the target value, e.g. “1”, was not reached,
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the specimen was unloaded and re-positioned. At this level, the specimen response is still
in the elastic range and no significant second-order effect exists.
The testing speed was set between 0.12 and 0.2 mm/min, depending on the estimated
ultimate load. The test was run until the load had decreased to approximately 80 % of the
ultimate load.
4.3.5. Test results
The main results of the experiments are reported in this section. For each specimen, a
plot evaluating the strain measurements was generated. An example is shown in Fig. 4.5.
Therein, the strain in dependence of the applied force can be seen. The eccentricity is
evaluated at three points: at 5% and 10% of the theoretical plastic load, where the point at
10% is used as alignment-load [15] as here he specimen is still well in the elastic material
behaviour range, and at ultimate load Fu. Clearly the pairwise development of strain for
strain gauge SG1 and SG2, and the pair SG3 and SG4 can be identified. Also the onset of
local buckling can be seen where the first bend occurs.
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Figure 4.5.: Strain gauge evaluation for an eccentrically loaded specimen
Additionally, for all specimens the load-displacement curves were documented. For
the displacement, all three string-pot measurements were averaged. For eccentrically
loaded specimens, the from the string pots spanned triangular plane was calculated and
the geometric centre of the load introduction used as reference for the evaluation of
displacement, see Fig. 4.6, right. The change of eccentricity, e, due to the rotation around
the rotational centre of the cup and ball bearing is indicated in the same figure at the right
hand side.
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Figure 4.6.: Specimen eccentrically loaded (left), evaluation of displacement (right)
An example for an evaluated load-displacement course is shown in Fig. 4.7. The
load-displacement curves of all experiments and the strain gauge measurements can be
found in Annex A.2.
To study the general characteristics of post-buckling behaviour of plates, the normalised
N/Npl course is plotted against the displacement-to-length ratio of the specimens,
depicting the end-shortening for the concentrically loaded specimens in Fig. 4.8. With
increasing local slenderness, the post-buckling behaviour becomes less pronounced, while
for stocky sections, a sharper drop after reaching the ultimate load occurs. The S500 and
S700 specimens reach their ultimate load at comparable displacement/length-ratios, the
S960 tests showed higher ratios and thus more deformation.
The experiments were carried out with intended and un-intended eccentricities. It was
aimed at at least 2 concentrically loaded tests, but the evaluation of strain gauges showed
that small eccentricities are not avoidable. The strain-ratio at 10% of Npl, which equals
the stress-ratio as the material behaviour is elastic here - could be evaluated, dividing the
averaged strain of one pair by the other:
ψ =
(εSG1 + εSG2) /2
(εSG3 + εSG4) /2
(4.2)
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Figure 4.7.: Load-displacement curve with indication of ultimate load Fu and
corresponding vertical displacement wu
An overview of eccentricities and the achieved ultimate loads in the experiments is
presented in Table 4.4.
The table shows that with increasing eccentricity the load carrying capacity is reduced as
one plate, which is named in the following the “decisive plate”, is much more loaded as
the other three faces, leading to an earlier failure.
A choice of pictures of the failed specimens is shown in Fig. 4.9. The stocky,
concentrically loaded specimen (left picture) shows only a low amplitude of local
buckles, while the very slender section shows already very distinct buckles (middle). The
eccentrically, slender specimen on the right shows distinct buckles at the top, where the
load was applied. This is characteristic for all eccentrically loaded specimens as they
stood plain on the floor.
72
4.3. Stub Column Tests
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
0
0.2
0.4
0.6
0.8
1
1.2
Displacement/length
N
/N
pl
λ¯p=0.783
λ¯p=1.554
(a) S500
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
0
0.2
0.4
0.6
0.8
1
1.2
Displacement/length
N
/N
pl
λ¯p=0.851
λ¯p=1.256
(b) S700
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
0
0.2
0.4
0.6
0.8
1
1.2
Displacement/length
N
/N
pl
λ¯p=0.641
λ¯p=0.937
λ¯p=1.234
λ¯p=1.411
(c) S960
Figure 4.8.: Normalised load-displacement curves for concentrically loaded specimens
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Table 4.4.: Ultimate loads Fu,exp and eccentricities ψ achieved in the stub column tests
Test No. 1 No. 2 No. 3 No. 4 No. 5
W-S500-195-6 ψ 0.92 0.96 0.68 0.95 -
Fu,exp 2261 2275 2216 2341
W-S500-250-4 ψ 0.95 1 0.71 0.32 -
Fu,exp 1086 1083 1056 902
W-S700-180-6 ψ 0.85 0.99 0.25 1 0.96
Fu,exp 2716 2686 2017 - 2785
W-S700-260-6 ψ 0.96 0.97 0.69 0.33 0.95
Fu,exp 2666 2670 2579 2199 2661
W-S960-120-6 ψ 1 0.98 0.74 -
Fu,exp 2931 2970 1970 2622
W-S960-170-6 ψ 0.98 0.99 0.92 0.18 -
Fu,exp 3382 3362 3447 2241
W-S960-220-6 ψ 0.99 0.96 0.2 0.96 -
Fu,exp 3178 3184 2359 3196
W-S960-250-6 ψ 0.96 0.95 0.54 0.27 -
Fu,exp - 3289 2867 2526
Figure 4.9.: Failed concentrically loaded specimens W S960 170 6 2 (left) and
W S960 250 6 3 (middle), eccentrically loaded W S960 250 3 (right)
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4.4. Interaction Tests
4.4.1. Test matrix and dimensions
13 column tests were carried out, divided into two testing series. The first one contained
specimens made out of S500M material, with a constant (nominal) local slenderness of
λ¯p = 0.976 and varying length. In the second series S960Q material was used, with
a constant (nominal) local slenderness of λ¯p = 1.174 and also varying length. The
denomination of specimens (e.g 07 S960 W 140 4 0470) contains the sequential number
(07 means the 7th test), the steel grade - e.g. 960 - the dimensions (e.g. 140 4 means a
squared cross-section of 140·140 mm2 and a plate thickness of 4 mm). The last digits
indicate the length of the specimen. The summary of all interaction tests carried out can
be found in Table 4.5, where the nominal slenderness λ¯p,nom is estimated acc. to [2] for a
simple plate and the global (brutto) slenderness λ¯c,nom acc. to [1].
Table 4.5.: Matrix of interaction tests
Nominal Dimensions Actual Dimensions
Steel b t Length b t Length λ¯p,nom λ¯c,nom
[mm] [mm] [mm] [mm] [mm] [mm]
S500 160 4 1400 160.50 159.25 4.06 1399 0.976 0.34
160 4 1600 159.75 159.50 4.08 1599 0.976 0.39
160 4 1800 160.00 159.25 4.03 1800 0.976 0.44
160 4 2000 160.00 159.00 4.01 2000 0.976 0.49
160 4 2200 159.25 159.25 4.0 2198 0.976 0.54
160 4 2300 159.00 159.00 3.96 2301 0.976 0.61
S960 140 4 470 140.25 137.00 3.95 470 1.174 0.18
140 4 730 138.50 136.50 4.18 728 1.174 0.28
140 4 1300 139.25 137.75 3.96 1299 1.174 0.5
140 4 1400 139.00 137.75 4.0 1399 1.174 0.54
140 4 1500 139.50 138.50 3.91 1499 1.174 0.58
140 4 1700 141.00 137.50 3.97 1699 1.174 0.66
140 4 1900 138.50 137.00 3.97 1899 1.174 0.74
4.4.2. Material characterisation
Table 4.6 summarises the material properties taken from the material certificates provided
by the respective steel producers. The first two criteria (fu/fy and 15 · fy/E) can both
be evaluated with the data provided by the producer’s material certificate, while the
third, the value of the uniform elongation εu has to be requested as it is not part of the
obligatory data to be reported. The bold values in Table 4.6 indicate the fulfilment of the
requirements of the code: the S500M material fulfilled all requirements. Applying the
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same criteria to S960, the elongation at fracture criterion was matched, while the yield
strength ratio was slightly lower than required. The elongation at fracture would have
been 35% lower than asked for.
Table 4.6.: Material properties of interaction test specimens
Steel t fy fu, fu/fy εu
15* A5
fy,nom/E (min 10%)
[mm] [N/mm2] [N/mm2] [-] [%] [%] [%]
S500M 4.03 562 640 1.14 12 3.57 25.3
S960Q 4.11 980/962* 1024 1.045 4.45 6.85 12
*: value from independent laboratory test
4.4.3. Test Setup and Procedure
The specimens were put between steel plates to avoid the indentation of the base plate
and the load introduction from above. The testing machine was the same as for the stub
column tests, a Zwick/Roell with 5 MN static loading capacity. For the transfer of the
load from the hydraulic jack to the specimen, the same upper bearing via cup and ball was
used as for the stub column tests. The cup and ball bearing ensured a constant direction
of the load, even if large rotation in the introduction occurred. The calculation of distance
between the specimen and the centre of rotation of the cup and ball bearing was already
shown in Eq. 4.1.
At the bottom, the specimen was placed on a plate which fitted in dimensions to the
specimen to achieve a concentrically build-in specimen. Below the plate, a roller bearing
was used to control the direction of global buckling. The build-in specimen is shown
in Fig. 4.10 on the left, with the schematic drawing on the right. The distance between
the specimen could be assessed adding up the radius of the roller bearing (63 mm) and
the thickness of the headplate (20 mm) to a total of 83 mm. This 83 mm and the upper
distance assessed in Eq. 4.1 had to be considered in the calculation of the buckling length
in section 5.3.
Each specimen was equipped with 6 strain gauges: 2x2 in the middle at two opposite
faces, and 1x2 at the top of the specimen close to the load introduction (29.5 cm from
above for the specimens longer than 1000 cm, else 16.5 cm). 3 string pots were used to
measure the vertical displacement. One additional string pot was used to measure the
horizontal deflection, placed at mid-height of the specimen.
4.4.4. Test results
The vertical displacement or shortening of the column was calculated as the mean value
of the mesurements of the two string pots which were placed above the roller bearing.
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Figure 4.10.: Build-in specimen (left), schematic drawing (right)
The resulting load-displacement curves are shown in Fig. 4.11 for the S500 specimens
with λ¯p = 0.976, and in Fig. 4.12 for the S960 specimens with λ¯p = 1.174. The single
curves of all experiments are shown together with the numerical assessed curves in Annex
B.2. It can be observed that with increasing length/ global slenderness the initial stiffness
decreases, accompanied with a decreasing ultimate load. The shape of drop after reaching
the ultimate load indicates the failure mode: while for the short specimens the drop is
very smooth (local buckling) for the longer ones it occurs increasingly sudden (global
buckling). The S960 columns were more slender in both categories, locally and globally.
This leads to a more distinguishable behaviour, i.e. the transition between both failure
modes is clearer to identify.
The horizontal displacement was evaluated at the time of ultimate load. However, as the
string pot was attached in the centre of the specimen, where also the local buckle occurs,
it cannot be clearly distinguished between local and global displacement.
The main results in terms of ultimate load Fu, corresponding vertical displacement wu
and horizontal displacement in the centre of the specimen wu,hor are summarised in Table
4.7.
An example of a failed specimen (13 W S960 140 4 1900) is shown in Fig. 4.13. The
local buckle, where the global buckling is induced, occurred approximately at mid-height
of the column. At the left hand side of the figure, the inclination of upper and lower
bearings can be observed. At the right hand side of the figure, the opposing directions of
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Table 4.7.: Ultimate loads Fu,exp and displacements: vertical wu and horizontal wu,hor
achieved in the interaction tests
Test
Fu wu wu,hor
[kN] [mm] [mm]
01 W S500 160 4 1400 848.6 3.86 2.8
02 W S500 160 4 1600 880.3 4.04 2.89
03 W S500 160 4 1800 883.9 4.97 0.71
04 W S500 160 4 2000 858.2 5.62 0.08
05 W S500 160 4 2200 828.9 5.53 3.3
06 W S500 160 4 2300 826.5 5.63 5.39
07 W S960 140 4 0470 1444.1 2.36 3.5
08 W S960 140 4 0730 1400.4 3.21 4.63
09 W S960 140 4 1300 1390.5 5.02 0.68
10 W S960 140 4 1400 1396.6 5.38 1.85
11 W S960 140 4 1500 1382.5 5.51 5.87
12 W S960 140 4 1700 1340.7 5.49 5.15
13 W S960 140 4 1900 1305.4 6.11 5.33
local buckles at adjacent faces can be observed. The horizontal string at mid height of the
column measures clearly the sum of global and local displacement.
4.5. Summary
In this chapter, the results of 34 stub column and 13 interaction tests were presented,
stating the main results like ultimate load Fu, corresponding displacement wu and where
appropriate the stress ratio ψ. The test procedures followed the recommendation of [15]
in terms of design, measuring technique and testing speed.
The results of the stub column tests are used in chapter 5 for the evaluation of the current
resistance curve of [2] and in chapter 6 to derive a more suitable resistance definition. In
combination with the results of the interaction tests, the load-displacement curves are
used in chapter 7 for the calibration of the numerical models.
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Figure 4.11.: Load-displacement curves for S500 specimens
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Figure 4.12.: Load-displacement curves for S960 specimens
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Figure 4.13.: Specimen 13 W S960 140 4 1900 after failure (left), detail of local buckle
(right)
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5. Evaluation of Experiments
according to Eurocode
5.1. Introduction
This chapter comprises the evaluation of the conducted stub column and interaction
experiments described in chapter 4 according to EC3-1-5 [2] for local buckling in section
5.2, and according to [1] in section 5.3, respectively.
In view to local buckling, the main aims of this chapter are the verification of the reduction
curve for local buckling of plates made of high strength steel, as well as for plates made
of mild steel. In scope of the experiments conducted within this study, the specimens
were restricted to S500 up to S960. Thus, the data base was extended by adding the
results from other researchers, see section 2.4 and Annex A.4. The results shown in
section 5.2 make clear that - independent of the steel grade - the existing reduction curve
gives room for improvement. This is assessed in the following chapter 6.
5.2. Evaluation of stub column tests according to
EC3-1-5
The data collected from the experiments presented in section 4.3 contained ultimate
load, vertical displacement and strain measurements at opposite faces, see also Fig.
4.5. The measured/ actual dimensions of the specimens can be found in Table A.1.
The loading was carried out either concentrically or with intended eccentricities. With
the strain measurements it was possible to calculate the actual load eccentricity on the
specimen: The evaluation of the respective data showed that even for a concentrically
loaded stub column, small occurring eccentricities could not be avoided. Consequently,
when applying the design model to evaluate its accuracy, the eccentricities as determined
in Table 4.4 were considered. Due to the eccentricities, there is always one decisively
loaded plate, from which the local slenderness λ¯p and the corresponding reduction factor
ρ is derived. The reduction factors of the remaining three faces of the column are defined
in dependence of the stress ratio ψ and in relation to the values of the decisive plate. The
calculational procedure using Eq. 3.9 to assess the reduction factor ρ and clause 4.4(4) of
[2] was presented in detail in section 3.2.2.
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The actual reduction factor from the experiment ρact was assessed using the principles of
the aforementioned method in a programmed iterational loop. The procedure was coded
in Matlab 2013 [88]. Starting with the known ψ-value and assuming that all plates are
reduced in their cross-section equally, ρEC,i=1 and the resulting ultimate load will more
or less deviate from the actual experimental load Fu,act. Via the loop, the i is increased
until ρi = ρact, which is checked by comparing Fu,i to Fu,act. The following equation had
to be fulfilled finally:
Fu,act =
fy · Aeff
1 + zeff · AeffWy,eff
(5.1)
where the effective cross-section properties are depending on the estimated ρact and zeff
additionally on the load eccentricity, as here the intended load eccentricity eL and the
eccentricity due to the shift of centroid ec sum up.
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
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 
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opposite
 
i=1
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 
adjacent
i iterations
centroid
centroid

act
Figure 5.1.: Procedure to calculate ρact
The actual achieved reduction factor in the experiments ρact, divided by the predicted
ρEC of [2] is shown in Table 5.1.
When the experimental results are compared with the resistance prediction of [2] and
including the data available from other researchers, see database summarised in Annex
Tables A.2 to A.5, Fig. 5.2 is obtained. The actual slenderness λ¯p,act is calculated with
the k-value in dependence of the occurring ψ-ratio as shown in Fig. 3.3. It can be seen
that the deviation of the experimental results from the theoretical resistance increases
with slenderness, while the tendency directs to more and more optimistic results. Another
outcome are the generally better performance of the own RWTH experiments. This is
traced back to the more precise evaluation possibilities, as for these experiments more
information in terms of eccentricity was available. This fact is important for the reliability
analysis performed in chapter 6.
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Table 5.1.: Actual reduction factor ρ achieved in the local buckling tests, divided by
predicted EC-resistance load
Test No. λ¯p ρact/ρEC Test No. λ¯p ρact/ρEC
S500 195 6 1 0.823 1.02 S500 250 4 1 1.697 0.87
2 0.829 1.02 2 1.714 0.85
3 0.786 1.11 3 1.62 0.93
4 0.827 1.05 4 1.543 0.98
S700 180 6 1 0.866 1.07 S700 260 6 1 1.307 0.9
2 0.893 1 2 1.309 0.9
3 0.801 1.08 3 1.239 0.98
4 0.883 1.03 4 1.186 1.02
5 0.887 1.05 5 1.303 0.91
S960 120 6 1 0.645 1.08 S960 170 6 1 0.945 1.06
2 0.643 1.1 2 0.948 1.05
3 0.572 * 3 0.934 1.11
4 0.614 1.1 4 0.846 1.07
S960 220 6 1 1.244 0.92 S960 250 6 1 1.407 **
2 1.238 0.93 2 1.403 0.93
3 1.112 1.02 3 1.306 0.97
4 1.237 0.94 4 1.27 1.01
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Figure 5.2.: Results of stub column tests compared with Winter-resistance curve
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Figure 5.4.: Comparison of predicted ultimate load Fu,EC with experimental results Fu,exp
- only results from own experiments
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5.3. Evaluation of interaction tests according to EC3-1-1
The experiments on interaction, see also section 4.4, were evaluated according to EC3-1-1
[1] with calculation of the effective cross-section according to [2]. The procedure was
shown in section 3.2. For the calculation of the theoretical critical load Ncrit, the length
of the specimen plus the distance of the specimen to the centre of rotation to upper (205
mm + thickness of headplate) and lower hinge (83 mm, see section 4.3.4 and 4.4.3) was
taken into account. To evaluate the resistance model of [1], the test results were always
assessed with the actual properties of the specimens. The actual geometric dimensions
can be found in Table 4.5, the actual material properties were reported in Table 4.6 .
To assess the achievable normal force N with EC3 and using Eq. 3.2, the equation has to
be solved accordingly. This leads to an unclosed form, as the axial force determines not
only the normal force exploitation rate but also the bending resistance proportion. Thus,
a similar iteration process as described in section 5.2 was used.
Table 5.2.: Reduction factor χEC acc. to [1] divided by actual reduction factor χact
achieved in the interaction tests
Test λ¯c χEC/χact
01 W S500 160 4 1400 0.394 1.18
02 W S500 160 4 1600 0.439 1.12
03 W S500 160 4 1800 0.485 1.09
04 W S500 160 4 2000 0.530 1.10
05 W S500 160 4 2200 0.576 1.11
06 W S500 160 4 2300 0.599 1.10
07 W S960 140 4 0470 0.264 1.00
08 W S960 140 4 0730 0.351 0.99
09 W S960 140 4 1300 0.540 0.92
10 W S960 140 4 1400 0.573 0.90
11 W S960 140 4 1500 0.606 0.89
12 W S960 140 4 1700 0.672 0.88
13 W S960 140 4 1900 0.738 0.86
The graphical interpretation is shown in Fig. 5.5. It becomes apparent that for the
columns made of S960 material, the predicted ultimate loads acc. to [1] were all lower
than the actual achieved experimental load. The prediction for the S500 columns on the
other hand was too high. The same tendencies can be found in the numerical studies
as shown in Annex B.2. It would be obvious to assume differences in the experimental
setup. However, setup and procedure followed the same steps in all experiments. The
quality of welding of the S500 specimens could be judged as very good.
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Figure 5.5.: Comparison of predicted ultimate load Fu,EC for interaction tests with
experimental results Fu,exp
5.4. Summary
In this chapter, the experiments on high strength steel material (S500 up to S960) reported
in chapter 4 were evaluated. It was aimed to verify the resistance prediction for local and
coupled local and global buckling by EC3-1-1 [1] and EC3-1-5 [2].
The tests performed by the authors [89] and [90][91] suggest the existing local buckling
resistance curve to be very optimistic. This is supported by other studies as for example
[22][30][34][92]. However, looking at test results from steel grades below a yield strength
of S500 and mild steels (up to S420), the prediction by Eurocode proved to be optimistic
as well [22][23][26][28][30]. In consequence, the problem of safe assessment of local
buckling resistance is not confined to high strength steels. For evaluation purposes
therefore various steel grades were included. It could be observed that the resistance
prediction gets with increasing slenderness more and more optimistic and a γ∗M > 1 is
necessary. In the following chapter 6, new optimised resistance curves are evaluated and
the reliability analysed.
Comparing the resistance prediction for the interaction experiments, the results seem to
be inconclusive, as the S500 experiments are clearly unsafely calculated while the S960
specimens exceeded all the predicted load. The cause could not be found in the test setup.
As the length of the specimens were restricted by the confinements of the testing machine,
the achieved slenderness was also limited. The interaction experiments served thus for
the calibration of the FE-model in chapter 7, but were not used for other purposes.
The fulfilled or unfulfilled material criteria of [1] as indicated in Tables 4.2 and 4.6
showed to be of no influence in terms of deviation to the local resistance curve when
compared with other steel grades.
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6.1. Introduction
In the current Eurocode 3-1-5 [2] for local buckling, the resistance curve used to represent
the reduction factor of plated elements due to local failure is based on the so-called
Winter-curve, derived on a semi-empirical approach by George Winter in 1947 [17]. This
design curve represents the mean reduction values achieved in the experiments conducted
by Winter and other researchers. However, when applying the safety concept of EN
1990 [3], an additional safety factor γM is necessary to ascertain a defined level of failure
probability. Currently, this factor is set to 1.0 for applications in building structures. In
this thesis, 131 stub column tests on welded, squared box sections from steel grades
S275 up to S960 were evaluated to assess a realistic safety factor γM in conformity with
the safety standard EN 1990. In literature, also tests on simple plates can be found, e.g.
in [93]. The boundary conditions seem, however, to be more clearly defined in case of
squared box sections. Thus, for the evaluation of the reduction curve only this kind of
sections were considered.
The experimental database on stub column tests described in the previous chapter 5 is
used to derive firstly new, optimised resistance curves, see section 6.2. The procedure to
derive a safety factor γM was introduced in section 3.3 and is applied here to the available
data. The newly derived best-fit function, as well as alternative functions are discussed in
section 6.3 with focus on the resulting γM.
As γM represents the safety factor for the actual material and geometric properties, which
are not known by the designer, the more decisive safety factor is γ∗M. This factor is used
throughout the Eurocode and refers to the nominal material and geometric properties. Its
derivation is shown in section 6.4.
A short discussion on the overstrength of material, targeting on the high strength steel
specific material characteristics, is concluding the chapter in section 6.5.
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6.2. Functions evaluated for local buckling resistance
6.2.1. General Information
In this thesis, three equations were evaluated with the aim of achieving reliable and
economic results:
• Modification of constant in Winter curve
The constant factor of the Winter curve (0.22) was fitted to the available test results.
• Modification of constant and exponent in Winter curve
The constant factor of the Winter curve (0.22) and the exponent of the denominator
are fitted to the available test results.
• Best fit to the test results using an exponential function
For each possibility, in the first step, the standard deviation and γM values were evaluated
for a modified curve for the whole slenderness range (0.673 - 2.5) and subsequently for
subsets. This allows for the evaluation if a single curve is reasonable or if the application
of different curves for different slenderness ranges would be more appropriate.
The evaluated funcitons were fitted to the experimental results available using a regression
analysis based on the least squares method.
6.2.2. Modification of constant in Winter curve
To conform with the semi-empirical calculation process introduced by Winter [18], in
this trial only the constant 0.22 was adjusted. For each subsection a constant was derived
and the resulting γM values compared. When taking all test data into account, the derived
value would be γM = 1.21, where as for the subsets only in the high slenderness range
significant improvement could be achieved. It is therefore recommended to use only one
continuous curve, which would result in Eq. 6.1:
ρ =
1
λ¯p
(1− 0.0567 1
λ¯p
) (6.1)
This approach would be the easiest change and in compliance with the current EC
calculations. The derived curve equals the mean curve of the test results, in consequence
no safety level is achieved. Due to comparable high standard deviations, a significant γM
value is inevitable when we follow the standardised derivation of γM. On the other hand,
if the current argumentation were followed, with γM = 1.0 for an effective cross-section
design check, a lower bound curve would be necessary. However, the function is very
inflexible with only one constant for adjustments. This leads to either very conservative
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results in the high slenderness range (as is the case here) or to unsafe results in the
medium slenderness range.
The resulting resistance curve is shown in Fig. 6.1.
6.2.3. Modification of constant and exponent in winter curve
In this approach, aside from the constant, the exponent of λ¯ in the denominator is changed
from 2 to a best fitting value. As in the previous section, the derived γM-values showed
no decisive differences in the subsets.
ρ =
λ¯p − 0.0610 · 4
λ¯2.274p
(6.2)
Although compared with the previous approach, no decisive improvement of γM was
possible, the function proves to be more flexible for the derivation of a lower bound curve.
To assess this curve, four points, displaying the mean λ¯ of each group, and the ρ derived
from the best fit of each subset were used. From this value, the standard deviation σ
multiplied with the 5%-fractile (1.65) was subtracted.
ρlb = ρfit − 1.65 · σ (6.3)
With these four points, a new best fit curve is derived, which has the advantage of taking
into account possible lower standard deviations in the high slender range. The derived
function is shown in Eq. 6.4.
ρ =
λ¯p − 0.092 · 4
λ¯2.412p
(6.4)
The resulting resistance curves are shown in Fig. 6.1.
6.2.4. New exponential resistance function
With a complete empirical approach, a function is searched for which predicts the results
best in all slender ranges. The function was found to be of exponential character, as
shown in Eq. 6.5.
2.235 · e−1.582∗λ¯p + 0.288 (6.5)
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The function is rather flexible and adjustable to a best-fit over the whole slenderness
range. When assessing a lower bound in shape of the exponential function, using Eq. 6.3,
we can derive the following equation:
3.66 · e−2.607∗λ¯p + 0.319 (6.6)
6.3. Discussion of derived functions
6.3.1. Comparison of mean curves
The derived functions from section 6.2.2 to 6.2.4 are shown in Fig. 6.1. Looking at the
mean function for the test results using only a modified factor a, it can be concluded that
the change towards the original resistance curve from Eurocode is insignificant.
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Figure 6.1.: Comparison of used functions and experimental results
Using the modification of constant and exponent (Eq. 6.2), the mean curve shows an
over-conservative tendency in the slender range. The lower bound curve on the other
hand might lead to good results in the average slender range between 1.0 and 1.5, but
tends to be over-conservative in stocky and high-slender area. Moreover, the very low
restoring point of the function at 0.67 leads to a non-continuous function and thus to an
unfavourable sharp drop of loading capacity in the stocky domain.
As expected, the exponential function delivers the best-fit over the complete slenderness
range, while the lower bound function might lead to un-conservative results in the very
slender domain.
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6.3.2. Comparison of reliability units and γM for characteristic
values
The coefficients of variation (CoVs) are without dimensions and describe the scatter of
a probability distribution. For each parameter of the buckling equation (e.g. b, t, fy),
a coefficient can be derived. In previous studies, the variation of each parameter was
assumed to be low and thus a simple formula of additive format was used [69]. In a first
step, these values were adopted and are summarised in Table 6.1.
Table 6.1.: Coefficient of variation
Parameter Coefficient of variation
plate thickness Vt 0.05
plate width Vb 0.005
plate length Vl 0.005
material tensile strength Vfy 0.07
A resulting coefficient of variation for the resistance of the plate or member can thus be
derived, calculating:
Vrt =
√
V 2t + V
2
b + V
2
l + V
2
fy
=
√
0.052 + 0.0052 + 0.0052 + 0.072
= 0.0863
(6.7)
Variables not included here are the residual stresses due to fabrication processes and
the inevitable imperfections of plated material. The first issue here is the assessment
of appropriate data for the basic variables: In many tests from literature these values
are either not documented or different measuring techniques impede comparability.
Furthermore, the variation would not be independent of other variations: e.g. residual
stress would depend on the yield strength, while the imperfections are depending on width
and thickness. In this case of depending variations, Eq. 6.7 would not be applicable. The
influence is nonetheless indirectly captured in the test results, displayed in a considerable
scatter along the resistance model and thus influencing the CoV of the Model Vδ.
To judge the accuracy of the resistance model - experimental results divided by the
respective theoretical results, re/rt - the distribution is of special interest as EN 1990 [3]
assumes a normal distribution, but finally also how the corresponding γM develops. The
data was divided into several subsets: high strength steel (HSS) and mild steel (MS), λ¯p
up to 1, 1:1.5 and 1.5:2, to see if a stepwise definition of resistance curve could lead to a
continuous safety level. Although in the evaluation of the middle slenderness group led
to slightly higher γM-values, the influence seems to be of minor influence, see Table 6.2
and 6.3. The simplicity in deriving only one continuous resistance curve for all cases was
decided to be of higher importance.
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Table 6.2.: Available data, re/rt acc. to Winter
Material Fabrication λ¯ No. of tests Mean re/rt γM
HSS welded 0.67 - 2.5 86 0.971 1.20
0.673 - 1.0 40 1.042 1.15
1.0 - 1.5 33 0.922 1.16
1.5 - 2.5 13 0.879 1.15
MS welded 0.67 - 2.5 40 0.905 1.19
0.673 - 1.0 19 0.947 1.17
1.0 - 1.5 14 0.852 1.18
1.5 - 2.5 4 0.919 1.14
HSS + MS welded 0.673 - 2.5 126 0.949 1.20
Table 6.3.: re/rt with ρ = a · e−bλ¯p + c
Material Fabrication λ¯ No. of tests Mean re/rt γM
HSS welded 0.673 - 2.5 86 1.00 1.16
0.673 - 1.0 40 1.00 1.15
1.0 - 1.5 33 1.00 1.15
1.5 - 2.5 13 1.00 1.16
MS welded 0.673-2.5 40 0.9509 1.20
0.673 - 1.0 19 0.9841 1.17
1.0 - 1.5 14 0.9819 1.20
1.5 - 2.5 7 1.0021 1.13
HSS + MS welded 0.673 - 2.5 126 0.989 1.18
The histogram for the current resistance curve evaluation can be seen in Fig. 6.2, in
the upper left. Standard deviation and mean value can only slightly be improved when
adjusting the constant a. In both cases, the distribution shows a significant amount of
re/rt-values below 1.
When adding the exponent in the denominator as optimisation variable (middle, left in
the same figure), the impact is higher and a better fit with lower standard deviation can be
achieved. The exponential function results as well in a good mean value and low standard
deviation, which is represented in the middle right diagram of Fig. 6.2.
The lower bound curves for the modified Winter curve and the exponential function
are shown in the lower part of the figure. The mean values of 1.199 and 1.227 indicate
the safe assessment of the specimens, where for the exponential function the standard
deviation is lower than for the modified Winter curve.
Using the coefficients of variation summarised in Table 6.1, and the evaluation process of
[3], we obtain for the current resistance model γM = 1.20 and 1.18 for the exponential
function of Eq. 6.5.
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Figure 6.2.: Statisic distribution of re/rt using different optimised functions
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6.4. Derivation of γ∗M
In the previous section, focus was laid on the derivation of γM = rk/rd: it is derived
using actual (measured) properties from the experiments, e.g. thickness, yield strength.
The incorporated 5 %-fractal to assess the desired safety level is an artificial value and
a plain statistical one. To assess a realistic safety value, γ∗M, which equals rnom/rd and
thus using the nominal values (not measured ones), is needed. Here, over-strength of
material and actual dimensions of material can lead to a lower safety factor, provided that
the scatter in the resistance model is low enough.
6.4.1. Using variable CoVs for yield strength fy and plate thickness t
To derive the design safety factor γ∗M, first the simplified approach with constant CoVs
from section 6.3 was used. γ∗M yielded here in 1.41 when considering all available test
data from literature and the tests presented in this study for the resistance curve provided
in [2]. When using the exponential function derived in 6.2.4, a γ∗M of 1.33 could be
calculated.
Additionally, the sensitivity of the scatter of the basic variables (thickness, width and yield
strength) on the resulting coefficient of variation for the model, Vrt, was studied, using
Eq. 3.29. In Fig. 6.3 the resulting Vi-values in dependence of the nominal slenderness
λ¯p,nom is shown and it can be observed that:
• the influence of the plate width is negligible
• the scatter of the yield strength is of high influence for stocky sections, but gets
reduced with increasing slenderness of the plate
• the scatter of the plate thickness is absolutely decisive in the relevant slenderness
range
• the often assumed sum function, Eq. 6.7 for Vrt, which resulted in Vrt = 0.086 is
un-conservative in the relevant slenderness range.
The reduced influence of plate width and yield strength, as well as the enhanced influence
of the plate thickness can be derived from the resistance equation rt, where it is:
rt = b · t · ρ · fy
λ¯p =
√
fy
σcrit
ρ =
λ¯p
λ¯2p
− 0.22
λ¯2p
(6.8)
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Figure 6.3.: Sensitivity analysis of CoV for basic variables Vi
The slenderness λ¯p is thus approximately proportional to the b/t-ratio and the yield
strength and ρ to λ¯p :
λ¯p ∝ b
t
√
fy
ρ =
λ¯p
λ¯2p
− 0.22
λ¯2p
(6.9)
The second term of Eq. 6.9 for λ¯p is small, and substituting ρ it can be assumed:
rt = b · t · t
b
1√
fy
· fy ∝ t2 ·
√
fy (6.10)
The resistance of slender plates is thus approximately proportional to the square of the
plate thickness and only by square root to the yield strength.
Additionally, the assumption of a simple additive function, see Eq. 3.28, showed to be
not recommendable and in the following studies Eq. 3.29 was used to assess Vrt, leading
to accurate CoVs for each experiment.
The use of constant Coefficients of Variation as assumed in section 6.3, using the values
of Table 6.1, yields in some cases to unrealistic assumptions: an example is illustrated at
the left hand side in Fig. 6.4. If we assume e.g. the CoV of the plate thickness,Vt, to be
5%, and a mean plate thickness of 6 mm, the standard deviation would result in 0.3 mm.
For material, the 5%-fractile is computed, meaning that the lower limit for the actual
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thickness tact values would be tmean - 1.64 σ = 5.5 mm. Taking now into account that the
tolerance limit given in EN 10029 [94] can be taken e.g. for execution Class B as 0.3 mm
[94], everything below 5.7 would be below the limit. Since 0.3 mm equals the assumed
standard deviation, 16% of the samples of the normal distributed unit would be below
tolerance. This is obviously not in compliance with the quality management of the steel
producers.
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Figure 6.4.: Example of unreasonable assumption for Vt (left) and Vfy (right)
For Vt, it was therefore assumed that the maximum value would be 5%, but that a lower
value would be possible assuming the distance between the tolerance limit for Class B
and the mean value equals 3σ, as comprised in Eq. 6.11.
Vt = min(0.05; 0.3
1
tmean
1
3
) (6.11)
The same exercise could be undertaken for Vfy, which is shown in Fig. 6.4 on the
right hand side. It is commonly known that the overstrength fy,act/fy,nom reduces with
increasing nominal values of yield strength. For S235 a value of 1.25 can be assumed
[95]. A corresponding CoV of 7% was used for the calibration of EC3. Values for high
strength steel were only recently assessed, e.g. by [59]. Assuming an overstrength ratio
for HSS of 1.1, with the old CoV of 7%, with a distance of 1.64σ to the mean value
(1.1), the 5%-fractile limit for fy,act/fy,nom would be 0.97: which would be lower than
the nominal value. It is therefore suggested to assume lower Vfy-values, leading to limits
which are still in compliance with the quality requirements in steel production. The
suggested values in dependence of the nominal yield strength are summarised in Table
6.4. The assumption of lower dispersion of the value is additionally worthwhile, because
the determination of yield strength for mild steel is due to the difference between upper
and lower yield strength more difficult to capture. For high strength steel, where the
determination is based on the 0.2% proof stress, the scatter is consequently reduced.
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For γ∗M, Eq. 3.34 has to be used. The characteristic resistance function rk is thereby
assessed with the assumed mean values of each scattering unit. For thickness and width,
it was assumed that the mean value equals the nominal property. E.g. for a stub column
test with t = 6 mm the mean value would thus be 6 mm as well. The yield strength,
on the other hand was assumed to scatter around the over-strength ratio fy,act/fy,nom as
indicated in Table 6.4.
Table 6.4.: Definition of yield strength depending Vfy and assumed corresponding
over-strength ratio
nominal fy Vfy fy,act/fy,nom
fy ≤ 300 0.070 1.25
300 < fy ≤ 450 0.055 1.20
450 < fy ≤ 600 0.045 1.15
fy > 600 0.033 1.10
Using a tolerance limit depending Vt and a yield strength depending Vfy, the γ∗M can
be improved up to 1.30. This is still rather high compared with other safety factors for
stability and cross-section failure in EC3 but may be attributed to the high scatter of
gathered experimental data and the investigated resistance model.
The interim values and the final γM and γ∗M for the evaluation of the Winter resistance
curve are shown in Table 6.5.
Table 6.5.: Interim values, γM and γ∗M derived for complete data set and Winter resistance
curve
b n ∆¯ s2∆ V∆ γM γ
∗
M
0.980 131 -0.029 0.009 0.094 1.16 1.30
6.4.2. Using variable CoVs and reduced experimental data for γ∗M
The evaluation of experimental results in section 5.2 indicated already lower deviations
from the resistance curve for the tests conducted within this thesis, which can be seen in
Fig. 5.2. As here more information was available in regard to eccentricities and thus a
more thorough computation could be conducted, the reliability analysis was subsequently
conducted with only these test results.
The variable CoV’s for the yield strength Vfy were taken from Table 6.4 and for the width,
the commonly used value of Vb = 0.5%. The thickness depending Vt was assessed using
Eq. 6.11. As only two different plate thickness were used in the experiments, this results
in Vt = 0.017 for the 6 mm and Vt = 0.025 for the 4 mm plates. The model uncertainty
was calculated to Vδ = 0.074. With the Vrt of each experiment, the final γ∗M showed to be
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considerable lower with 1.18. When evaluating the reduced data set for execution Class
B, with the derived best-fit exponential function, Eq. 6.5, a γ∗M of 1.06 could be achieved,
see Table 6.6.
Table 6.6.: Interim values, γM and γ∗M derived for complete data set
Function b n ∆¯ s2∆ V∆ γM γ
∗
M
Winter 1.024 32 -0.025 0.006 0.074 1.13 1.18
New/ Exponential 1.064 32 -0.004 0.003 0.042 1.08 1.06
6.4.3. Achieving a target value of γ∗M
The evaluation in the previous section 6.4.2 showed in Fig. 6.3 that the major impact
derives from the thickness. Concerning the target value itself, it was explained in chapter
5, why an γ∗M > 1.0 is inevitable. The current discussion in the CEN/TC250: Working
Group 5, Plated Structures and European Convention for Constructional Steelwork
(ECCS) Technical Committee 8, Stability, aims at a value of 1.1. This equals the safety
factor for stability γM1 from previous ENV [7] and German National Annex [96].
In this subsection, it is aimed to achieve a target value of γ∗M by varying the ratio of
tmean/tnom and still using the Winter resistance curve. To derive the necessary thickness
ratio, the three execution classes of [94] were used to define the lower limits.
Table 6.7.: Lower tolerance limits on tnom [94]
tnom Class A Class B Class C
≥3 < 5 -0.4 -0.3 0
≥ 5 < 8 -0.4 -0.3 0
≥8 < 15 -0.5 -0.3 0
≥ 15 < 25 -0.6 -0.3 0
≥ 25 < 40 -0.8 -0.3 0
≥ 40 < 80 -1.0 -0.3 0
≥ 80 < 150 -1.0 -0.3 0
≥ 150 < 250 -1.2 -0.3 0
For the target value evaluation, only the experiments of this thesis were used as here
more information was available. For Class B, Vt was assessed as described in Eq. 6.11.
For Class A, the equation follows the same principle, and since all tests consistet of a
material thickness between 5 and 8 mm, Eq. 6.12 was adopted.
Vt = min(0.05; 0.4
1
tmean
1
3
) (6.12)
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Class C is very strict with no allowance to undercut the nominal thickness. Thus, Vt has
to be calculated using Eq. 6.13:
Vt =
tmean − tnom
tmean
1
3
(6.13)
In all cases 3-times the standard deviation is used for the allowable distance between mean
and nominal value. This results in very narrow distributions. The resulting γ∗M-values
in dependence of the tolerance class and the tmean/tnom-ratio are shown in Table 6.8.
Assuming the mean thickness would equal the nominal thickness, the resulting safety
factor would be between 1.16 for Class C up to 1.19 for Class A. For a target value of
precisely 1.1, at least a tmean/tnom-ratio of 1.045 would be required to satisfy Class A. If
a constant ratio should be prescribed, 1.05 would lead to an acceptable level across the
tolerance classes.
Table 6.8.: Resulting γ∗M in dependence of tolerance class and tmean/tnom
tmean/tnom Tolerance Class γ∗M
1 A 1.19
1 B 1.18
1 C 1.16
1.045 A 1.10
1.04 B 1.10
1.03 C 1.11
1.05 A 1.09
1.05 B 1.08
1.05 C 1.08
6.5. On the over-strength of material
Evaluating the resistance according to [2], and using actual properties from measurements,
the resistance curve proves to be non-conservative for all steel grades alike. Although
the resistance curve of [2] is questioned in respect to the safety assessment required by
EN 1990, it is assumed that the majority of structures, which is made of mild steels,
profit considerably from their over-strength ratio fy,act/fy,nom. But with increasing yield
strength, the over-strength reduces in general. The over-strength of high strength steel
material was recently assessed by Baddoo in scope of the RFCS-project HILONG in
[59], where fy is defined as the 0.2% proof strength. The main results are summarised
in Table 6.9. It can be seen, that aside from the yield strength, the fabrication is of
crucial importance. For mild steels, [97] proposed a formula to derive the over-strength
ratio, resulting in 1.2 for S235 and 1.13 for S355. Only two European Steel Producers
99
6. New resistance curve and reliability analysis for local buckling
were investigated in his study, but the values were taken nonetheless for the evaluations
performed in the present study as they seem to be in a reliable scatter.
Table 6.9.: Over-strength in dependence of steel grade [59]
Steelgrade S420 S460 S500 S690 S700 S760 S900 S960
Mean [N/mm2] 458.5 513.5 586.4 791.1 808.1 798.6 1047 995.2
fy,act
fy,nom
1.09 1.12 1.17 1.15 1.15 1.05 1.16 1.04
St. Deviation
17.49 25.64 33.81 47.82 56.36 23.88 84.08 37.2
[N/mm2]
C.O.V. 3.82% 4.99% 5.77% 6.05% 6.97% 2.99% 8.03% 3.74%
No. Samples 35 1052 15 546 66 9 20 34
For linear functions, as e.g. for the net section resistance, the nominal yield strength
can easily be taken into account. In case of local buckling, the resistance function is of
non-linear character, and moreover, the slenderness changes and thus the reduction factor
ρ. A higher (or actual) yield strength will lead to a higher λ¯p value, and subsequently to a
lower ρ value. The absolute resistance ρ · fy might be similar therefore for a structure
using nominal and actual values. This depends on the absolute values, the existing
over-strength, as well as on the observed slenderness.
To quantify the absolute advantage in the carrying capacity using actual material
properties, the nominal slenderness was drawn over the ratio of the actual to nominal
resistance in Fig. 6.5. The result is clearly dependent on the slenderness: While in the
stocky area, where the squash-load defines the ultimate resistance, the benefit in carrying
capacity equals the over-strength ratio, it decreases non-linear in the constructional
relevant slenderness area until converging to a certain value. For S960, where the
over-strength is assessed with 1.04, the gain tends to 1.02 in the very slender area, while
for S235 the gain changes from 1.2 to 1.1. Also for the other steel grades it can be said
that the reduction in gain tends to be half of the original over-strength towards the slender
area, which can be identified at approximately 2.0.
6.6. Summary
Due to high scatter in the resistance prediction of local buckling, it was shown that a γ∗M
higher than 1 would be appropriate. In a first step it is therefore recommended to change
γM0 to γM1 in EC3-1-5 [2]. It was also shown that the resistance function of Winter could
be improved in regard to accuracy when changed to a function of exponential character.
This best-fit function leads to a lower necessary γ∗M.
To assess γ∗M, the standard evaluation according to EN 1990 [3] proved to be rather
conservative. Therefore, reasonable assumptions were made to depict:
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Figure 6.5.: Comparison of actual and nominal resistance
• the natural right-skewness of the material property distributions. Lower limits of
fabrication codes were used to define reasonable distributions.
• the lower scatter in yield strength of high strength steel material. Standard values
often given in literature, although correct for their specific applications, cannot be
simply adjusted when including high strength steel material.
In this way, it was possible to reduce the CoV-values. Additionally, the influence of
subgroups regarding all stub column tests was investigated and it could be shown that
when taking only tests into account where the unintended eccentricities were evaluated,
the scatter of resistance prediction could be considerably reduced. This could lead
consequently to a more favourable safety factor.
Using the reduced data set and the best fit exponential function, γ∗M could reach a value of
1.06. Table 6.10 contains the γ∗M-values in comparison for the EC3-1-5 resistance curve
and the best fit exponential function. These values are based on the same assumptions
of variable CoVs and 3 standard deviations distance to the lower limit of thickness
tolerance under consideration of execution Class B. The scatter of width and thickness
was supposed to be around the nominal value.
Table 6.10.: γ∗M in dependence of data set and resistance definition
Function Full data set RWTH data set
Winter 1.30 1.18
New/ Exponential 1.22 1.06
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With the aim of maintaining the familiar resistance curve format, one solution to
still achieve the safety level according to EN 1990 [3], is to prescribe a minimum
tmean/tnom-ratio which would lead in combination with the current resistance curve to a
γ∗M = 1.1. This ratio would be approximately 1.05.
As this is hard to prescribe for the producers, it seems more reasonable to suggest to use
the improved best-fit exponential function as new local buckling resistance curve. This
has the additional positive effect that in the stocky area the new curve and Winter are
quite similar and such only the safety factor of 1.06 would increase the material tonnage.
In the slender range, the changed curve and the 1.06 lead to increasing steel material. On
the other hand, if Winter and a safety factor of 1.15 - assuming that 1.18 can be rounded
down to 1.15 - would be introduced, 1.15 would apply across the whole slenderness range.
A comparison of both possibilities is presented in Fig. 6.6.
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Figure 6.6.: Comparison of design methods acc. to EC3 and generalised slenderness (gs)
with corresponding γ∗M-value
The deviations of the experimental results from the resistance prediction showed to
be independent of the yield strength. A study was conducted to show the influence
of the over-strength of material which is lower for HSS. The result showed to be
dependent on the slenderness: While in the stocky area, where the squash-load defines
the ultimate resistance, the benefit in carrying capacity equals the over-strength ratio. The
gain decreases non-linear in the constructional relevant slenderness area, see Fig. 6.5,
until converging to a value approximately half of the over-strength when exceeding a
slenderness of about 2.0.
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7.1. Introduction
For the numerical simulations, the Finite-Element progamme ANSYS [81] was used.
The theoretical background was summarised in section 3.4.4. The necessary steps of
calculation are described in section 7.2. The actual modelling techniques to re-calculate
the experiments of chapter 4 and subsequently calculate a parametric study are shown
in 7.3. To evaluate and derive a detailed imperfection model, the impact of influencing
factors such as residual stress and geometric imperfections are assessed in sections
7.4 and 7.5. The validation of the numerical model on the basis of the experiments
presented in chapter 4, including the structural and geometric imperfections are presented
in section 7.6. Aside from the detailed imperfection model, a second model, following
the recommendations of EC3 is presented in section 7.7.
The results of the parametric study in terms of ultimate load are discussed in section 7.8.
The parameters investigated included the variation of:
• local slenderness λ¯p
• global slenderness λ¯c
• stress distribution across the cross-section ψ
• material properties in terms of yield strength and hardening
• imperfection model (detailed and EC3)
• differnt local Eigenmodes as imperfection shape
The numerical results are further assessed in chapter 9. A short discussion on convergence
issues is summarised in section 7.9.
7.2. Procedure for numerical calculations
The calculational process could be divided in several steps. First, an
Eigenbuckling-analysis was performed to assess for each column a scaled shape of
local buckles. In general, the first Eigenbuckling-value was used for further studies. To
calculate plain local modes and no interacting modes with global or lateral buckling,
which would be likely for very slender columns, the column under investigation was
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Figure 7.1.: Column with constraints to get 1st Eigenbuckling mode (left), used
imperfection shape (right)
constrained appropriately to get the desired buckling mode. It is common practise to
use the normalised Eigenmode of a structure as shape for imperfections. Therefore, in
a first step an Eigenbuckling analysis was performed, resulting in a deformed column,
where the number of half-waves should equal approximately the ratio of length to width
of the investigated column. An example is depicted in Fig. 7.1 with the constraints for
the analysis itself (left) and the used shape for the imperfection assessment (right). This
shape was then multiplied by the assumed amplitude and the thus changed coordinates of
the columns used for further calculations.
In case of the interaction tests an additional global imperfection was necessary. It was
applied by a displacement controlled deformation at mid-height of the investigated
columns. For the evaluation of the stub column tests, no global imperfections were
applied as they would have been of insignificant influence due to the low amplitude and
due to the dominant influence of local buckling failure.
As will be explained in more detail in section 7.4, the residual tensile stress was taken
as a known variable, whereas the compression residual stress was calculated to be in
equilibrium to the assumed corner stress. In the numerical model, the equilibrium was
calculated in a first load step during the calculation procedure, together with the global
imperfection displacement. An example is shown in Fig. 7.2.
Both, the resulting stress and deformation state from the first load step including residual
stress and global imperfection displacement, as well as the scaled deformation state from
the local buckling analysis, are subsequently used as initial conditions in the following
non-linear analysis.
Following the boundary conditions of the experimental tests, the load introduction was
applied displacement controlled via a masternode, which was coupled rigidly with the
upper edges of the shell-model, with an offset equalising the distance from the column,
stub column, respectively to the point of rotation from the cup and ball bearing (225
mm, see section 4.3.4). For the stub columns, the bottom shell elements were all fixed,
while for the interaction tests also the edges of the bottom shells were connected to a
masternode, where the centre of rotation of the bearing equals 83 mm, see also section
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Figure 7.2.: Residual stress as initial loading in interaction model, longitudinal stress
Figure 7.3.: Boundary conditions for stub columns (left) and interaction model (right)
4.4.3. The masternodes were all constrained in transversal directions, clamped about the
longitudinal axis and one transversal axes to control the direction of failure, assuming
worst case overlay of the direction of local and global imperfections. Examples of both
models with their respective boundary conditions can be found in Fig. 7.3.
7.3. Numerical modelling
7.3.1. Column Model
For the numerical calculations, the Finite-element programme ANSYS, Version 16.2 [81]
was used. The models consisted of shell elements with four nodes (Shell181), where
each node allowed for six degrees of freedom. The definition is also indicated in Figure
7.4 (left). Comparative studies on higher elements showed no significant changing in the
results, therefore the Shell181 was chosen for sake of computational speed.
For the solution, the Arc-Length solver provided by the programme was chosen, see also
section 3.4.4. It allows to trace complex paths in the load-displacement response into
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the buckling or post buckling areas, see figure 7.4, right. Mathematically, the arc-length
method can be viewed as the trace of a single equilibrium curve in a space spanned by
the nodal displacement variables and the total load factor. Therefore, all options of the
Newton-Raphson method are still the basic method for the arc-length solution. As the
displacement vectors and the scalar load factor are treated as unknowns, the arc-length
method itself is an automatic load step method [81].
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Figure 7.4.: Definition of Shell181 element (left) and principle of Arc-Length solver
(right)[81]
7.3.2. Material modelling for calibration purposes
To calibrate the numerical model, the load-displacement curves of the experiments were
re-calculated. The material models used were derived from the coupon tests provided by
the steel suppliers. Using the known equations to assess the true stress-strain relations,
the Hollomon equations introduced in section 3.5 were used to fit and extrapolate the final
material curve for ANSYS. The used true stress-strain curves can be found in Figures
7.5 and 7.6. While the S500 material exposed a small yield plateau, the S960 material
could be extrapolated using Hollomon directly from fy. The parameters for the Hollomon
equation could be derived as summarised in Table 7.1.
Table 7.1.: Used Hollomon parameters in ANSYS for interaction tests
Steel kH nH
S500 584.3 0.084
S960 991.6 0.049
The Young’s Modulus was assumed to be 210,000 N/mm2 in all material curves for the
numerical studies, until reaching the yield strength stated in the material certificate.
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7.3.3. Influence of yield plateau in material models
As it was mentioned already in section 2.2, high strength steel material often lacks a yield
plateau due to the fabrication process. However, especially in case of “low” high strength
steel as e.g. S500, which can be produced thermomechanically rolled (with yield plateau)
as well as quenched and tempered (without yield plateau), both variations are possible.
Although global buckling is clearly assigned to the elastic range, when assessing the
ultimate load for local buckling, at least partly plastifications do occur. Therefore, a
small parametric study comparing the ultimate loads for a S500 material with 0.3% yield
plateau length, 2.0% yield plateau length, and one without yield plateau was conducted
for different stub columns. On the left hand side of Fig. 7.7, for slender structures the
influence of the length of the yield plateau is shown to be diminishing, while for a stocky
section a negligible difference between the configuration without yield plateau and the
two variations with yield plateau is visible. On the right hand side of the same figure, the
corresponding material laws in true stress and strain as used in the numerical model, are
depicted.
Further studies in frame of the parametric investigations can be found in section 7.8.3.
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Figure 7.5.: Used material law for S500 in ANSYS, interaction tests
0 2 4 6 8 10
600
700
800
900
1000
1100
1200
ε [%]
σ
 
[N
/m
m2
]
 
 
Engineering Curve
True Engineering Curve
Hollomon extrapolation
Figure 7.6.: Used material laws for S960 in ANSYS, interaction tests
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Figure 7.7.: Influence of yield plateau on the ultimate load
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Figure 7.8.: Residual compressive stress over b/t
7.4. Residual stress in box columns
7.4.1. Derived model to implement residual stress in numerical
calculations
As mentioned already in section 2.9, the scatter of available measurements regarding
actual residual stresses is high and thus difficult to state statistical satisfying values. A
detailed discussion on several measuring techniques can be found e.g. in [98]. However,
when looking at the measurement results from different authors, it seems clear to identify
the tendency for reduced σrc/fy-ratios with increasing b/t-ratio, see Fig. 7.8, left. This
phenomena can be observed for each researcher separately, but the absolute ratios remain
afflicted with large scatter. Although not measured by every author, also the tensile
residual stress normalised by the yield strength differs considerably, see Figure 7.8,
right.
The measurement techniques, like the commonly used sectioning method, is prone to
errors as e.g. due to the sawing cooling is needed during the cutting steps. The cooling
rate, however, is not standardised and thus differences in amplitudes between different
researches are inevitable. The error or deviation on measurements might be even higher
in the corners: here more disturbance due to the influence of welding can be found. Strain
gauges cannot be applied on the weld itself, so hot spots are more or less disregarded or
not caught. Also, less data is obtained, as the compression zone is larger and covered
usually with more strain gauges.
Although many results from residual stress measurements are available, the scatter in
assessing and evaluation methods restrict comparability of the outcome very much. In
[13], parametric studies on column tests were conducted, assuming different residual
stress patterns and amplitudes. It could be seen that the existence of any residual stress
had a major impact, while the pattern compared among each other was of minor influence.
The assumed residual stress pattern was already shown in Fig. 2.3. For a box column
with normal size welds and a b/t-ratio of 40, the compression stress in the plate is to be
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assumed with 0.13fy, while the residual tension stress can then be calculated assuming
the area in tension with a fixed dimension.This assumption is reasonable for the stated
case, where the local slenderness (e.g. for a S235, b/t = 40) is approximately 0.70.
However, an extrapolation to clearly cross-section Class 4, where high b/t-ratios occur,
the calculation would lead to tension stresses exceeding multiple times the yield strength.
For example for a S355 box section with a local slenderness of 2, the tension stress
would result in 750 N/mm2, which is clearly not possible and might also lead to a sincere
positive clamping effect of the corners.
In the present study, the residual stress was therefore derived first for a given tension
stress, calculating backwards the compression stress. It seems reasonable to assume that
when exceeding a certain yield strength, the tension residual stresses remain constant
in amplitude. The influence of the entered energy from the welding process might be
similar in case of mild and high strength steels. In [13], the σrc/fy-ratio was variable
in dependence of the welding size, which supports the previous chain of thought. The
width of the tensioned area should be also quite constant as the heat input due to welding
is obviously not depending on the plate width. In the studies of [23], it was likewise
concluded for a b/t-ratio above 25, but additionally the dependence on the weld size was
pointed out.
Thus, for the finite element calculations a simplified model is used. While the tension
residual stress is taken yield strength dependent according to Table 7.2, the compression
stress is calculated assuming equilibrium of stress in the cross-section. The width of the
tensioned area was assumed to be like recommended in [13], with a width of 3t. The
integral of the area of 3t (equaling the triangular shape of 1.5t and the rectangular of 1.5t)
was used such that in the finite-element model the tension stress could be applied with the
same value on the total tension width 3t. To keep the tension width constant pays tribute
to the fact that the heat affected zone should be rather constant, while the compression
residual stress amplitude necessarily has to vary to achieve equilibrium. Box sections
close to cross-section-Class 3 achieve in the assumed model and the ECCS-model similar
compressive stress values, while with increasing slenderness (b/t-ratio) the differences
increase, as indicated in Table 7.2. The σt-values are derived from the right hand diagram
of Fig. 7.8.
Table 7.2.: Used amplitudes of tensile σt,RS and compressive σc,RS residual stress in
N/mm2
Steel σt
σc
λ¯p 0.75 0.9 1 1.1 1.25 1.5 1.75 2
S500 0.85fy -139 -112 -99 -88 -76 -62 -53 -46
S700 0.70fy -101 -81 -72 -64 -56 -45 -38 -33
S960 0.55fy -76 -62 -55 -49 -43 -35 -30 -26
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7.4.2. Influence of residual stress distribution
To assess the influence of different residual stress amplitudes in the numerical studies,
a small parametric study was conducted for stub columns with varying slenderness and
material law. The residual tension stress was set to 1.0·fy, 0.85·fy or 0.55·fy. Figure 7.9
shows the results, where the changing ultimate loads and changing load-displacement
course become apparent for two different material models. The left figure shows the
result for an S500 with an fu/fy-ratio of 1.05 material law, whereas the right shows
results for an S960 material with an fu/fy-ratio of 1.02. Both have no significant strain
hardening properties. It can be observed that the impact of the used residual stress pattern
diminishes with increasing local slenderness of the stub column. The softening of the
load-displacement course after reaching the local buckling load seems to be related to the
fu/fy-ratio, where a lower value leads to a higher end-shortening (displacement/length):
for the S960 simulations, the peak is shifted more pronounced to the right when using
lower residual stress patterns, where the peaks of the S500 simulations within one local
slenderness remain close to each other.
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Figure 7.9.: Influence of residual stress in dependence of tensile amplitude in the corners
7.5. Geometrical imperfections in box columns
7.5.1. Derived model to assess local imperfections
EC3-1-5 [2] gives recommendations in its Annex C how to handle local and global
equivalent geometric imperfections in numerical studies. For the local imperfections
of local panels and subpanels a value of generally b/200 is recommended, while for
global imperfections it is referred to [1], see also section 3.6.3. For welded box sections
buckling curve b is assumed, and considering elastic calculations, the recommended
equivalent imperfection value yields to l/250. As in these recommendations also the
structural imperfections are incorporated, it was aimed to develop a slenderness depending
formula to assess only the geometric imperfections. The presumed positive effect of
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Figure 7.10.: Local imperfection amplitude in dependence of the local slenderness
lower residual stress in high strength steel compared to mild steel could thus better be
taken into account.
The results from the measurements taken from stub column specimens, see section 4.3.3,
with respect to their local slenderness are shown in Figure 7.10. It was aimed to compare
the ratio of width to a denominator-value, which enables to compare directly with the
recommended values of EC3. Two functions with a linear approach could be derived, for
the maximum mean values per face (max) and for the maximum mean value of all four
faces (mean) of the specimens. More information on the evaluation of imperfections can
be found in 4.3.3.
xmax = 136.3 · λ¯p + 185.04 and (7.1)
and
xmean = 152.68 · λ¯p + 342.46 (7.2)
The function for xmax was used for the parametric studies, as the data points for this
regression line were also used for the calibration of the numerical model, see section 7.6.
For comparison reasons, the denominator value from the Eurocode recommendation is
marked also in Figure 7.10. For the extreme case of λ¯p = 2, the difference between the
detailed imperfection approach e0,det and the EC3 value would be 457.6 compared to 200.
This leads to a 2.3-times lower local imperfection for this slenderness.
For a small local slenderness of 0.75, the slenderness depending approach gives a 30.3%
lower imperfection amplitude, up to 56.7% for a local slenderness of λ¯p of 2.0. Thus,
the results are less conservative but proved accurate for the calibration of the numerical
models using the experimental data. The usage of the recommendations of [2] would be
always more conservative.
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Figure 7.11.: Comparison of load-displacement curves of experiment and finite element
simulation is shown for a stub column (left) and an interaction test (right)
7.5.2. Global imperfections
For the calculations with the realistic geometric imperfections, the global amplitude was
set to e0 = length/750, which equals the fabrication tolerance given in [6], Annex D.
7.6. Validation of Numerical Model
All conducted experiments were re-calculated with ANSYS, using the assumptions
summarised in the previous sections 7.1 and 7.4. The results are plotted in B.1 and
B.2 and generally in good compliance with the experimental load-displacement curves,
see Table 7.3 for the stub column tests and 7.4 for the interaction tests. The initial
stiffness and the ultimate load could be very good approximated, while the post-buckling
behaviour, which depends highly on the scatter-affected residual stress distribution and
the strain hardening properties of the material, showed higher deviations. This is also due
to the solver chosen, as here a combined load-displacement controlled path is applied,
while the experiment is purely displacement-controlled conducted.
An example for the comparison of load-displacement curves of experiment and finite
element simulation is shown for a stub column and an interaction test in Figure 7.11.
7.7. Alternative imperfection model using EC-1-1 and
-1-5
While for half of the parametric studies the detailed assumptions from the previous
sections 7.4.1 to 7.5.2 were used, the second half was conducted with the assumptions
recommended in EC3: an equivalent imperfection was used to depict residual stress
and geometric global imperfections, complying with l/250 using buckling curve b of
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Table 7.3.: Comparison ultimate loads Fu achieved in stub column experiments and
ANSYS calculations
Test
No. Fu,exp ψ Fu,ANSYS Fu,ANSYS/
[kN] [-] [kN] Fu,exp
S500 195 6 1 2261.0 0.93 2156.2 0.95
2 2275.5 0.97 2156.4 0.95
3 2216.6 0.69 2146.6 0.97
4 2341.1 0.96 2156.3 0.92
S500 250 4 1 1086.3 0.95 1169.8 1.08
2 1083.3 1.00 1169.9 1.08
3 1056.4 0.71 1165.5 1.10
4 902.2 0.32 1134.2 1.26
S700 180 6 1 2716.2 0.85 2507.0 0.92
2 2685.7 0.99 2508.6 0.93
3 2017.0 0.25 2395.9 1.19
4 2718.6 0.94 2508.4 0.92
5 2785.1 0.96 2508.5 0.90
S700 260 6 1 2666.6 0.96 2756.5 1.03
2 2670.2 0.97 2756.5 1.03
3 2579.1 0.69 2746.7 1.07
4 2200.0 0.33 2676.6 1.22
5 2661.4 0.95 2756.4 1.04
S960 120 6 1 2931.9 1.00 2725.1 0.93
2 2969.9 0.98 2725.0 0.92
3 1975.7 0.20 2069.1 1.05
4 2622.0 0.74 2427.7 0.93
S960 170 6 1 3382.5 0.98 3059.3 0.90
2 3362.2 0.99 3059.3 0.91
3 3447.3 0.92 3058.0 0.89
4 2241.5 0.18 2415.0 1.08
S960 220 6 1 3178.7 0.99 3170.8 1.00
2 3184.5 0.96 3170.7 1.00
3 2359.0 0.95 2585.4 1.10
4 3196.3 0.96 3165.6 0.99
S960 250 6 1 NoValue NoValue NoValue NoValue
2 3289.3 0.96 3306.6 1.01
3 2867.6 0.54 3056.5 1.07
4 2526.5 0.27 2718.6 1.08
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Table 7.4.: Comparison ultimate loads Fu achieved in interaction experiments and ANSYS
calculations
Test
Fu,exp Fu,ANSYS Fu,ANSYS/
[kN] [kN] Fu,exp
01 W S500 160 4 1400 848.6 957.3 1.13
02 W S500 160 4 1600 880.3 943.2 1.07
03 W S500 160 4 1800 883.9 964.0 1.09
04 W S500 160 4 2000 858.2 944.7 1.10
05 W S500 160 4 2200 828.9 934.6 1.13
06 W S500 160 4 2300 826.5 914.5 1.11
07 W S960 140 4 0470 1444.1 1367.9 0.95
08 W S960 140 4 0730 1400.4 1473.5 1.05
09 W S960 140 4 1300 1390.5 1302.6 0.94
10 W S960 140 4 1400 1396.6 1329.9 0.95
11 W S960 140 4 1500 1382.5 1256.2 0.91
12 W S960 140 4 1700 1340.7 1276.1 0.95
13 W S960 140 4 1900 1305.4 1246.9 0.96
[1]. Additionally, local imperfections with an amplitude of b/200 according to [2] were
implemented, see also Table 3.2 in section 3.2.1 and 3.6.3. According to Annex C of
[2], when combining imperfections a leading imperfection should be chosen and the
accompanying imperfections may have their values reduced to 70%. However, in the
present study both imperfections (local and global) were applied to their full value. This
is considered to be conservative. Additionally, as for each case the leading imperfection
would have to be determined first, the number of numerical models would have been
increased significantly without further information on the failure mode.
7.8. Results of Parametric Studies
7.8.1. Main parameters
For the numerical parametric studies, the main parameters local and global slenderness
were varied for 8 cases each:
• λ¯p: 0.75, 0.9, 1.0, 1.1, 1.25, 1.5, 1.75 and 2.0
• λ¯c: 0.4, 0.8, 0.9, 1.0, 1.2, 1.4, 1.6 and 2.0
where focus was laid specifically on the stability sensitive area around λ¯c = 1.0.
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The width of the cross-section could be calculated backwards from the local slenderness
which was aimed at:
b = λ¯p · 2 · 28.4
√
235
fy
· tf + 2 · tf (7.3)
and the length was assessed knowing λ¯c:
length =
√
λ¯2c · 210, 000 · Iy · pi2/Npl (7.4)
The matrix was repeated for three different stress ratios:
• ψ = 1
• ψ = 0.5
• ψ = 0
The corresponding load pattern across the section is shown in Fig. 7.12. With this
variation, bending moments are included in the numerical studies. The main results in
terms of achieved ultimate load compared to the plastic resistance are shown in section
7.8.2.
=  1.0 =  0=  0.5
Figure 7.12.: Stress ratio ψ applied on the cross-section of the columns
Additionally, different material laws were used:
• S960 with fu/fy = 1.05 and εu = 6.8% (no yield plateau)
• S500 with fu/fy = 1.05 and εu = 5.0% (no yield plateau)
• S500 with fu/fy = 1.05 and εu = 3.0% (with yield plateau)
The resulting material curves are shown in Fig. 7.13 and 7.14. The influence of the yield
plateau on the ultimate load is shown in section 7.8.3.
For the assessment of structural and geometric imperfections, two models were used:
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Figure 7.13.: Engineering and true stress-strain (Hollomon Extrapolation) curves for
material model of S960
• a detailed model, using the residual stresses as derived in section 7.4.1 and
local imperfections as derived in section 7.5.1. Global imperfections were taken
according to the fabrication tolerance given in [6], Annex C length/750, see
section 7.5.2.
• a simpler model in compliance with the recommendations of EC3 with local
imperfections of b/200 and global imperfections of length/250, see also section
7.7.
In section 7.8.4, the results obtained of both imperfection models are compared.
For both imperfection models, for the local imperfection shape the 1st Eigenform of the
Eigenvalue analysis was used. The 1st Eigenform describes usually the decisive shape to
attain the lowest failure mode as it equals the form with the lowest Energy content. But
the study revealed that there is a slenderness depending impact, where the application of
higher Eigenforms lead to lower ultimate loads. This phenomenon is assessed in section
7.8.5.
Taking all parameters into account, a total of approximately 1072 simulations was
conducted.
7.8.2. Influence of geometry and loading pattern
For concentrically loaded columns with a comparable stocky local slenderness, the
buckling curve b of EC3-1-1 [1] can be retraced by dividing the numerical achieved
ultimate loads by the squash load - see filled squares in Figure 7.15. With increasing
local slenderness, the effective cross-section reduces and thus the ratio of achievable load
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Figure 7.14.: True stress-strain (Hollomon Extrapolation) curves for material model S500,
with and without yield plateau
Fu to plastic resistance of the gross cross-section Npl. Increasing the global slenderness
on the other hand, puts firstly more weight on the effective moment of inertia instead of
the effective area, which is in comparison less reduced, and secondly the imperfection
sensitivity gets highly decreased and the ultimate load converges to the critical Euler-Load.
Thus, the influence of local slenderness diminishes with increasing global slenderness.
Looking closer at the global slenderness range exceeding 1.0, an increase of the
Fu/Npl-ratio can be observed, representing higher ultimate loads compared to the plastic
resistance than expected. This can be traced back to the used imperfection shape, which
will be explained in section 7.8.5.
With increasing load eccentricity and thus bending moments, global buckling behaviour
gets more dominant due to increasing second-order effects. The Fu/Npl-ratio gets thus
reduced significantly and the difference in loading capacity diminishes for the local
slenderness already for shorter sections. These effects can be followed in Figures 7.16
and 7.17.
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Figure 7.15.: Comparison of Fu,FE/Npl for ψ = 1, using the EC3 imperfection model
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Figure 7.16.: Comparison of the S960 results obtained with the EC3 imperfection model
divided by the EC3 model, ψ = 0.5
0 0.5 1 1.5 2 2.5
0
0.5
1
1.5
λ¯c
F
u
,F
E
/
N
p
l
 
 
λ¯p :
0.75
0.9
1.0
1.1
1.25
1.5
1.75
2.0
Figure 7.17.: Comparison of the S960 results obtained with the EC3 imperfection model
divided by the EC3 model, ψ = 0
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(a) Short column, concentrically loaded (b) Long column, concentrically loaded
(c) Short column, eccentrically loaded (d) Long column, eccentrically loaded
Figure 7.18.: Failed column with concentrically loading (top), eccentrically (bottom),
short (left) and long (right) - van-Mises stress and deformed shape
Exemplified, the van-Mises stress plots for the last load step, which was close to the
maximum load, are shown in Fig. 7.18. It was distinguished between short and long
columns and concentrically and eccentrically loaded cases. The short columns show
higher plastifications, where the van-Mises stress exceeds the yield strength of fy = 960
N/mmwith a distribution across large parts of the section. In case of the long column,
stress peaks are much more localised and closer or below the yield strength.
7.8.3. Influence of yield plateau on the ultimate load Fu
To evaluate the influence of a possible yield plateau in the material law on the ultimate
load, the S500 material was investigated using two material models:
• S500 with fu/fy = 1.05 and εu = 5.0% (no yield plateau) and
• S500 with fu/fy = 1.05 and εu = 3.0% (with yield plateau).
The resulting true stress-strain curves were shown already in Fig. 7.13 and 7.14. Fig. 7.19
depicts the achieved ultimate loads Fu,FE divided by the plastic cross-section resistance
Npl for concentrically loaded columns. Therein, the ratio Fu,FE/Npl is evaluated for both
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S500 material curves. It can be observed that, as expected, there is only minor influence
of the yield plateau noticable with increasing compactness of the cross-section both for
local and global slenderness. This favours the assumption that the plastic or hardening
branch of the material curve used is not reached when global failure occurs, although it
has to be taken into account that the used hardening coefficients were very low.
The same results can be found for the additional studied loading conditions ψ = 0.5 and
ψ = 0, which can be found in Annex B.3.2 .
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Figure 7.19.: Comparison of Fu using different material models, ψ = 1
7.8.4. Evaluation of imperfection models
In the following section, the results for the parametric studies in dependence of the used
imperfection model are shown. Figure 7.20 depicts the ultimate loads divided by the
plastic resistance for concentrically loaded columns using the detailed imperfection model.
Although the trend for each local slenderness follows generally the classic reduction
curves, it becomes apparent that at a global slenderness of λ¯c = 1, for low to medium
local slenderness (up to λ¯p = 1.25) a small peak occurs before the trend is caught up
again. For higher local slenderness, the peak gets mirrored resulting in a sharp drop
before following up the general trend. Using the EC3 imperfection model, no drops are
visible, see Figure 7.15. The change at λ¯c = 1 is visible for all local slenderness values,
although more pronounced with increasing λ¯p. The cause for this phenomenon could
be found in the assumed local imperfection shape which is discussed in the following
section 7.8.5.
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Figure 7.20.: Comparison of Fu,FE/Npl for ψ = 1, using the detailed imperfection model
7.8.5. Influence of local Eigenmodes on ultimate load
As mentioned earlier in section 3.6.3, the used imperfection shape of the Eigenbuckling
analysis influences the ultimate load achieved in the numerical simulations. Fig. 7.15
shows as example for concentrically loaded cases a noticeable increase of Fu compared to
less slender structures for all columns exceeding a global slenderness of 1. Eccentrically
loaded columns show a smaller increase, but still noticeable as can be seen e.g. in Fig.
7.16 and 7.17.
Having a closer look on the used imperfection shape of the local Eigenbuckling analysis,
it can be observed that at λ¯c = 1 the 1st Eigenmode shows no longer quadratic panels for
the local buckles. In Fig. 7.21 an example of first Eigenbucklingmode and a higher one
(here: 27) is shown for a column of λ¯c = 1.2 and λ¯p = 1.75.
Figure 7.21.: Eigenbuckling shape for Mode 1 and Mode 27
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Indeed, as the length of the column is not necessarily a multiple of its width, it is more
difficult to match the minimum k-value. This can be seen exemplified in Fig. 7.22. In the
considered case, for λ¯p = 1.75, b matches 204.7 mm, see Eq. 7.3, and the length equals
4570 mm according to Eq. 7.4 with λ¯c = 1.2. The corresponding length to width ratio
would be 22.3, so we would expect 22 or 23 half-waves in the 1st Eigenmode. However,
the output result contains 14 half-waves, see Fig. 7.21, left, and moreover, the half-waves
are not evenly spread along the column. Looking at the analytical solution depicted in
Fig. 7.22, it becomes apparent that we are no longer on the minimum path, where the
k-value equals 4. Following the path for the number of half-wave lengths 14, k reaches
at b/l = 22.3 a value of 4.92. This leads to an increased critical load and thus to higher
ultimate loads.
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Figure 7.22.: Girlandencurves, k-value in dependence of length-to-width ratio
This explanation is explicit for the imperfection model used by EC3, as here the local
and global imperfections are clearly separated and have - dependent on the amplitude - a
defined influence on the second order effect. But with the detailed imperfection model,
the residual stress distribution in combination with the 1st Eigenmode leads to a spreading
effect: while when the local slenderness is below 1.5, the tendency is the same as for the
EC3 imperfection model, when the local slenderness equals or exceeds 1.5, the ultimate
load is significantly lower compared with using a higher mode, see e.g. Figures in Annex
B.4. While the effect of this phenomenon seems minor in the figures mentioned, the
impact on the results in terms of design model validation are significant: in Fig. 7.23 and
7.24 is the ratio shown between the ultimate load achieved with a higher Xth Fu,XthEM
Eigenmode divided by the ultimate load achieved using the 1th Fu,1stEM. For columns
up to a global slenderness of λ¯c = 1, where the 1st Eigenmode depicts the quadratic
half-wave shape, the ratio is consequently 1. For longer columns, the ratio changes and
in case of concentrically loaded columns, see Fig. 7.23, the ratio is as expected always
smaller than 1. For the eccentrically loaded columns depicted in Fig. 7.24, the same
tendencies can be identified. However, for local slenderness exceeding λ¯p > 1.5, the
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effect reverses. This might be attributed to the fact that interaction of tensioned and
compressed face in long columns is more complicated for very slender plates. For short
columns, the quadratic imperfection shape is still controlling the ultimate load.
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Figure 7.23.: Comparison of ultimate loads achieved using different Eigenmodes as local
imperfection shape, ψ = 1
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Figure 7.24.: Comparison of ultimate loads achieved using different Eigenmodes as local
imperfection shape, ψ = 0
A direct comparison of the Fu,FE/Npl ratio achieved for the detailed and the EC3
imperfection model is shown in Fig. 7.25 and 7.26, respectively. It can be seen that using
the higher Eigenmode with approximately quadratic local buckling panels, the reduction
along the global slenderness axis follows the theoretical reduction curve. However, it can
be stated, that in a real column, the occurrence of such a perfect imperfection shape is
unlikely.
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Figure 7.25.: Comparison of achieved reduction factor using different Eigenmode shapes
for local imperfection and EC3 imperfection model
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Figure 7.26.: Comparison of achieved reduction factor using different Eigenmode shapes
for local imperfection and detailed imperfection model
7.9. On the convergence
Although the Arc-length method is suitable to depict snap-through and snap-back
problems, convergence issues were pronounced. They were increased when including
residual stress distributions and towards higher local slenderness values λ¯p > 1.5
combined with medium to high global slenderness λ¯c ≥ 1.0. The combination leads to
locally large displacements and an indefinite tangent matrix.
The results showed also to be sensitive to the setting of substeps and arc length radius. A
too large radius, as well as too few substeps, lead to possibly higher loads than could be
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actually achieved, as the solver might start to follow a stiffer path. The load-displacement
curve might still look satisfactory. It is thus vital, to do comparative studies on the
convergence behaviour for different slenderness areas. In the current study, the most
unfavourable combinations of local and global slenderness were thus calculated in several
setting configurations.
7.10. Summary
In this chapter, the main influences on the local and global buckling behaviour were
studied and quantified by means of numerical simulations. The parametric studies covered
the in structural engineering common areas of slenderness.
The derived detailed imperfection model led to a higher scatter in ultimate loads than the
rather simple imperfection model provided by EC3. Although the detailed model contains
lower local and global amplitudes of imperfection, the residual stress distribution in the
column leads to a complex initial stress state. The transition of tensile to compressive
stress is not smooth in the model, which might lead to additional issues in convergence.
This problem is however not very pronounced for locally stocky cross-sections, for which
the global buckling curves were calibrated.
For the further judgement of the derived design approach of chapter 8, the results of the
EC3 model were thus used. However, the results obtained from the detailed imperfection
model depict still a possible scatter.
126
8. Analytical Model to calculate
coupled instability
8.1. Introduction
The basic idea of the developed design procedure, including a generalised slenderness
approach, is introduced in the following section 8.2. The definition of slenderness is a
crucial point in the design against stability issues. Different approaches are possible and
also numerous tools to assess different kind of slenderness are available, the reader may
refer to section 3.7. The characterisation of slenderness used within this study is shown
in section 8.3.
The inclusion of local buckling in the design procedure is derived in section 8.4. Here, an
equivalent imperfection ep is calculated to apply on columns, leading to an artificially
increased second order effect and thus to lower ultimate loads. This shall depict the
partial cross-sectional failure due to local buckling. The section builds on the derived
local resistance curve of chapter 5.
These previous sections lead to a new design formula, thoroughly explained in section
8.5. The application of this formula in actual design is presented with a comparison to
existing design formulas in chapter 9.
8.2. General Approach
To assess the coupled instability problem, the format of Eurocode [1] was aimed to keep,
and thus the Ayrton-Perry format. For elastic column buckling, Maquoi et. al. showed
in [21] the basic correlations: the ultimate load can be predicted, assuming that failure
occurs when the yield stress in the most stressed fibre of the cross-section is reached, see
Eq. 8.1.
fy = σEd +
σEd · e0
1− σEd/σcr
A
W
(8.1)
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Thereby, the second order effect - the increase in deflection due to imperfections,
respectively - can be captured with the limiting value derived from the geometric series
term (1− σEd/σcr). Eq. 8.1 can be rewritten to:
(fy − σEd)(σcr − σEd) = η · σEd · σcr (8.2)
From this term, the cross-section depending imperfection parameter can be derived:
η = e0
A
W
(8.3)
In the European buckling curves, e0 AW was substituted with α, incorporating also residual
stresses, and the relative slenderness (λ¯ − 0.2). α was fitted to achieve the resistance
values recommended by EKS [99].
Using Eq. 8.3 directly in the design process allows also for the implementation of an
additional, equivalent (local) imperfection.
In the approach chosen within this study, the definition of global imperfection is used
directly in the calculation of the reduction factor χgs, see section 8.5. The obvious loss
of stiffness, which is in Eurocode assessed by considering an effective cross-section, is
depicted here by an additional contribution of imperfection ep. The column with higher
eccentricity deflects more rapidly with increasing loading and has thus a reduced ultimate
load bearing capacity. The derivation and quantification of ep is described in section
8.4.
The above Eq. 8.3 can thus be extended to:
η = (e0 + ep)
A
W
(8.4)
For the definition of the slenderness, the actual resistance under consideration of bending
is taken into account. The impact and outcome is described in section 8.3.
8.3. Determination of a generalised slenderness
For the design approach to be proposed, the definition of a generalised slenderness was
based on Eq. 3.54 and Eq. 3.55, but rewritten in the known format using forces:
λ¯gs =
√√√√ Npl1+ 1−ψ1+ψ
Ncrit
=
√
Nult
Ncrit
(8.5)
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The critical force is here taken as the Euler-Load, Ncrit, disregarding a possible governing
of local instability. The resistance of the column towards normal force might be reduced
due to bending proportions. In case of concentrical loading, the ultimate achievable
normal force Nult would equal the plastic resistance Npl. With occurring bending,
however, Nult is reduced in dependence of the stress ratio ψ. The consideration of the
bending resistance part leads to a more slender definition of columns in bending compared
to the Eurocode denomination, which refers always to the basic case of a column under
pure compression.
A more detailed derivation is presented in section 8.5.
8.4. Deriving an equivalent local imperfection ep
8.4.1. Quantification of the equivalent imperfection ep
As described in section 8.2, it is aimed to derive an equivalent imperfection to depict
local effects. This could be done either by applying an extra imperfection at the load
introduction, or by applying an extra imperfection in form of a sinus, like the equivalent
imperfection used by Maquoi [21]. The differences were discussed in section 3.6. For
the study at hand, it was preferred to use an additional bow imperfection.
Applying an additional bow imperfection, as shown in Fig. 8.1, conveys an easier to
control imperfection compared to the approach in section 3.6.2. The loss in stiffness
w
N
e  + e
0 pN
Figure 8.1.: Column loaded with an eccentricity e0 + ep
of the cross-section is independent of the column length and can be traced back to the
cross-section resistance.
N
A · fy +
M · z
I · fy ≤ 1.0 (8.6)
It can thus be written:
N
Aeff · fy +
M · zeff
Ieff · fy =
N
A · fy +
N · (eL + ep)
I · fy · z (8.7)
In Eq. 8.7 it is assumed that the effective cross-section can be captured with an additional
bending proportion N · ep. This additional, intentionally applied bending moment is
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written as the normal force times a load eccentricity eL, but will be substituted later on
with the known stress ratio ψ. A simple rewriting leads to:
I
A · z
(
A
Aeff
− 1
)
+ eL
(
W
Weff
− 1
)
= ep (8.8)
Using then substitutions for the radius of the core, s, and denoting the effective
cross-section to gross cross-section ratio with χA for the area reduction and χW for
the reduction of section modulus, the equation simplifies to:
s
[(
1
χA
− 1
)
+
1− ψ
1 + ψ
(
1
χW
− 1
)]
= ep (8.9)
The factors χA and χW can be derived using the effective width method as will be shown
in the following section 8.4.2.
8.4.2. Deriving design charts for ep coefficients
Although it is aimed within this study to reduce the calculational process, it is still
necessary to assess the local slenderness according to [2] to use the necessary design
charts.
λ¯p =
√
fy
σcrit
=
b¯/t
28.4 · ε · √kσ
(8.10)
The actual buckling length is defined as b¯ = b − 2t and the yield strength influence is
captured by ε =
√
235
fy
. The boundary conditions are considered to be conservatively in
EC3 for even loaded plates with kσ = 4, which assumes hinged boundary conditions on
all four edges of the plate. However, evaluating the kσ-factor for the decisive plate of a
box column in bending using CUFSM, a general formulation to capture the clamping
effect of the adjacent faces can be derived. The formula is only depending on the stress
distribution in the column, and yields for concentrically loaded cases to 4, see also Fig.
3.3.
kσ = −0.8 · ψ2 − 0.35 · ψ + 5.15 (8.11)
where ψ is taken in this study between 0 to 1. When considering bending, this leads to
higher kσ-values and thus to a reduction of local slenderness in comparison with EC3-1-5
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[2]. The slenderness formulation of Eq. 8.10 was adopted but with the modification of kσ
as described in Eq. 8.11. The formula was derived for squared box sections.
Knowing the local slenderness and the stress ratio, however, the relation between
reduction factor and cross-section is independant of the actual dimension. In consequence,
for the simple box section, design aids can be given as shown in Fig. 8.2 to 8.4. The steel
grade, as it influences the slenderness definition, has a minor influence when comparing
the figures.
The reduction factor ρ for the decisively loaded plate (for concentrically loaded columns
all four plates are loaded equally) was assessed using the derived best-fit function of
chapter 6:
ρ = 2.235 · e−1.582·λ¯p + 0.288 (8.12)
The adjacent and opposite face of the column were assessed using the formulas introduced
in section 3.2.2, taking realistic clamping effects into account. The cross-section of the
webs of the eccentrically loaded columns can consequently be reduced by:
ρweb = min
(
1, 2.235 · 0.1 · (9 + ψ) · e−1.582·λ¯p·0.1·(9+ψ) + 0.288
)
(8.13)
The resulting design charts are shown for S960 and S235 exemplified in Fig. 8.2 and
8.4.
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Figure 8.2.: Reduction factor for axial resistance (left) and moment of inertia (right),
S960
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8.5. Derivation of resistance formula
The basic resistance formula provided by Maquoi [21], which includes second order
effects, was used with the modification of increasing the initial bow imperfection e0 with
the in the previous section derived ep. This leads to:
N
Npl
+
N · (e0 + eL + ep)
Mpl
1
1− NNcr
≤ 1 (8.14)
As soon as bending is involved, however, Npl cannot be reached anymore as the overall
resistance is reduced. Assuming a linear interaction of N and M with Eq. 8.15:
N
Npl
+
M
Mpl
≤ 1 (8.15)
and defining:
η0 =
N/Npl
M/Mpl
(8.16)
it can be seen in Fig. 8.5 that the applicable normal force is reduced in dependence of the
moment distribution. In the figure, Nult/Npl is evaluated as an example for M/Mpl =
0.3 and thus η0 = 0.43, while N/Npl = 0.7.
The ultimate axial force achievable, Nult, can be described alternatively by:
Nult =
Npl
1 + eL
Npl
Mpl
(8.17)
With the denotions:
1
αcrit
=
N
Ncr
χgs =
1
αult
=
N
Nult
(8.18)
It is aimed to use a common reduction factor χgs on the normal stress and bending
resistance in a later stage of the design formula. It is important to note that consequently
the reduction factor is applied on the ultimate achievable plastic load under consideration
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Figure 8.5.: Reduced ultimate normal force Nult due to NM-Interaction
of bending. The slenderness is defined as suggested in Eq. 8.5, see section 8.3. It
follows:
λ¯2gs =
Nult
Npl
=
αult
αcrit
χgs · λ¯2gs =
1
αcrit
(8.19)
With the expansion using Nult/Nult, Eq. 8.14 can be converted to:
0 =
N
Npl
+
N · (e0 + eL + ep)
Mpl
1
1− NNcr
− 1
0 =
N
Npl
+
N · (e0 + eL + ep)
Mpl
1
1− NNcr
− 1
0 = χgs · Nult
Npl
+ χgs · αultN · (e0 + eL + ep)
Mpl
1
1− χgs · λ¯2gs
(8.20)
The basic re-writing to get to the final format was e.g. proposed in [64]. Here, the idea is
followed up with the inclusion of bending. By applying several transformation steps, we
start by multiplying with the term
(
1− χgsλ¯2gs
)
and (−1):
0 = −χgs
λ¯2gs
Nult
Npl
+ χ2gs
Nult
Npl
− χgs
λ¯2gs
αult
N · (e0 + eL + ep)
Mpl
− χgs + 1
λ¯2gs
(8.21)
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To simplify the equation, we introduce the factor ke, which displays the ratio of ultimate
achievable load to plastic resistance under consideration of bending:
ke =
Nult
Npl
=
1
1 + eL
Npl
Mpl
(8.22)
Additionally, η is introduced:
η = (e0 + eL + ep)
A
W
(8.23)
As Maquoi [21] derived his buckling curve for only concentrically loaded columns, the
herein proposed η differs by the inclusion of the intended load eccentricity eL and the
equivalent local imperfection ep. Using the denotions of Eq. 8.22 and 8.23 and excluding
χgs
λ¯2gs
, Eq. 8.21 can be reduced to:
0 = keχ
2
gs −
χgs
λ¯2gs
[
ke + η · ke + λ¯2gs
]
+
1
λ¯2gs
(8.24)
where the part in brackets is equated with φ, which is needed to solve the equation for
χgs. As we want to result in the format:
0 = χ2gs −
χgs
λ¯2
· 2φ+ 1
λ¯2
(8.25)
we write for φ:
φ =
√
1
ke
· 0.5 [ke + η · ke + λ¯2gs] (8.26)
and for χgs:
χgs =
√
1
ke
 1
φ+
√
φ2 − λ¯2gs
 (8.27)
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Figure 8.6.: Resulting reduction curves in dependence of ψ, compared with buckling
curve b of EC3
The reduction factor is now derived for a column under combined compression and
bending, which yields to a modified resistance formula compared to [1]:
N
χgs ·Nult ≤ 1 (8.28)
Substituting Nult, see Eq. 8.17, to stay closer to the Eurocode format, we can write:
N
(
1 + eL
A
W
)
χgs ·Npl ≤ 1 (8.29)
In consequence, the reduction curve for column buckling is now not only depending
on the slenderness and its definition, but also on the bending proportion. In Fig. 8.6 a
comparison between the load shape depending resistance curves and buckling curve b of
EC3 [1] are shown.
As the function of η for the developed generalised approach is length and cross-section
dependent, the reduction factor χgs decreases as soon as λ¯gs 6= 0. However, it is known
that below a slenderness of 0.2 no buckling would occur. Maqoui solved this issue
by substituting η with α
(
λ¯c − 0.2
)
. The derived analytical solution could be adjusted
accordingly, which would result in a modified ηmod:
ηmod = α
(
λ¯gs − 0.2
)
+ (eL + ep)
A
W
(8.30)
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Figure 8.7.: Reduction curves with modified ηmod in dependence of ψ, compared with
buckling curve b of EC3
The resulting curves under consideration of the plateau length with a modified η are
shown in Fig. 8.7. This approach is used for the resistance calculation in chapter 9.
The impact of the equivalent imperfection ep on the reduction factor χgs is shown in Fig.
8.8: on the horizontal axis is the reduction factor without ep drawn against χgs under
consideration of ep on the vertical axis. For a local slenderness λ¯p of 0.64, equalizing
cross-section Class 3, no change is consequently visible. With increasing local slenderness
the reduction factor reduces ever faster.
8.6. Summary
An analytical approach to solve local and global coupled instability was proposed.
Bending is included in the definition of a generalised slenderness λ¯gs (Eq. 8.5) and
also in the definition of ultimate resistance by applying the reduction factor χgs on Nult
instead of Npl, see Eq. 8.29. This approach is universally valid and applicable to all
cross-section shapes.
Local effects are included by a geometric equivalent imperfection, which is derived from
the effective width method using an improved local resistance curve, see Eq. 8.12. The
corresponding design charts are shown in Fig. 8.2 and are valid for squared box sections.
The application of the method follows in chapter 9.
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9.1. Introduction
In the following chapter, the numerical results of the parametric studies conducted in
section 7.8 are compared with the resistance prediction according to Eurocode 3 [1] [2]
and the derived design procedure in chapter 8. The design procedure of Eurocode 3 was
explained in detail in section 3.2. While the global buckling calculation process is clearly
defined, [2] allows different methodologies to assess the effective width: either simplified
by calculating the effectiveness plate by plate, disregarding interaction of them - which
might be very conservative - or by considering the actual stress distribution with the
compressive stress σcom,Ed, given in the code in clause 4.4(4). In this chapter, only the
more precise second possibility is evaluated in section 9.2.1. Using not the reduction
curve for local buckling derived by Winter, but the empirically determined exponential
function derived in chapter 6 and the procedure of clause 4.4(4), see also section 3.2.2,
an improved prediction of results is shown in 9.2.2. The evaluation of the experimental
studies with EC3 was already shown in chapter 5, as the results were mandatory to derive
the exponential resistance function.
In section 9.3, the numerical results of the parametric studies are evaluated with the
generalised slenderness (gs) design procedure derived in chapter 8.
For both design procedures (EC3 and gs), only a limited choice of cases of the parameters
investigated in chapter 7 is shown in this chapter. E.g. three steel grades were investigated
within the parametric study:
• S500 with yield plateau,
• S500 without yield plateau and
• S960 without yield plateau
The influence of the yield plateau and steel grade was discussed in section 7.10. It could
be shown that the existence of a yield plateau was of no influence on the ultimate load as
the plastic branch of the material law was not reached. Thus, in the following sections
the evaluation is shown only for the S960 material.
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Additionally, in frame of the parametric numerical studies, two approaches were used to
implement imperfections in the columns:
• a detailed approach (e0,det)
– including a residual stress model, derived from observed values in
international literature, yield strength depending
– including local imperfections with an amplitude derived from own
measurements,
– including global imperfections in a magnitude of l/750, in accordance with
the manufacturing code [14]
• and the EC3-approach (e0,EC)
– including an equivalent imperfection to depict residual stress and geometric
global imperfections, complying with l/250 using buckling curve b of [1]
– including a local imperfection of b/200 according to [2]
In both cases, the Eigenmode containing quadratic buckling panels was used for assessing
the ultimate load. The differences in the imperfection models and their results were
discussed in section 7.10. The classic EC3 model leads to less possible numerical
instabilities, and the results are thus closer to the analytical solution. The accuracy of
the resistance models is thus judged using this imperfection model, but the supplemental
comparisons with the numerical results of the detailed imperfection model are shown in
section 9.2.3, 9.2.4 and 9.3.2 to show the possible scatter in results.
A comparison of evaluation using EC3 and the generalised slenderness approach for the
conducted experiments is subsequently shown in section 9.4. The chapter finishes with a
design example in section 9.5 and is concluded with a quantification of the prediction
accuracy in section 9.6.
A complete compilation of results can be found in Annex C.
9.2. Evaluation of ultimate loads according to EC3-1-5
and EC3-1-1
9.2.1. EC3 imperfection model, Winter resistance curve
The evaluation refers here to the usage of the effective width method to determine the loss
of stiffness due to local buckling under consideration of the realistic stress distribution
σcom,Ed. The procedure was described in section 3.2.2. An iterative calculation procedure
was used to take into account the positive clamping effects due to bending on the decisively
loaded plate, see Eq. 3.11 to Eq. 3.14. This is supposed to lead to a more precise
prediction of the ultimate load.
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In Figures 9.1 and 9.2 the comparisons are shown for the cases of concentrically loaded
(ψ = 1) and eccentrically loaded (ψ = 0) columns. For ψ = 1, the prediction of EC3
scatters around 1, with more conservative results for low and medium local slenderness
values. For higher local slenderness values (above 1.25) the prediction tends to be
increasingly optimistic. This is in compliance with the in Fig. 5.4 shown transition
between safe to unsafe results at λ¯p ∼= 1.2. In case of ψ = 0, the tendencies remain,
although here the scatter lowers.
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Figure 9.1.: Comparison of Fu,EC/Fu,FE for ψ = 1, Winter resistance curve
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Figure 9.2.: Comparison of Fu,EC/Fu,FE for ψ = 0, Winter resistance curve
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9.2.2. EC3 imperfection model, exponential resistance function
As shown in chapter 6, the currently in [2] used resistance curve/ Winter-curve is
not overall conservative, especially for high local slenderness values the prediction
of resistance tends to be optimistic. Thus, the derived exponential function, Eq. 6.5, was
evaluated as well. The results are shown in Figures 9.3 and 9.4 .
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Figure 9.3.: Comparison of Fu,EC/Fu,FE for ψ = 1, using exponential function to assess
effective cross-section
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Figure 9.4.: Comparison of Fu,EC/Fu,FE for ψ = 0, using exponential function to assess
effective cross-section
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In comparison to the previous figures of subsection 9.2.1, the local resistance curve was
shifted downwards, leading to increasingly conservative values with local slenderness.
For the concentrically loaded columns, ψ = 1, the results are consequently shifted to the
conservative direction. Moreover, the scatter can be considerably reduced which is due to
the fact that the model uncertainty is also reduced, as the exponential function depicts the
realistic mean value of local plate buckling.
For the more compact sections the level of conservativeness remains, for high local
slenderness values up to 1.5 the deviations seem to be acceptable across the investigated
slenderness ranges. For the combination of local slenderness higher than or equal
1.75 and a global slenderness higher than 0.6, the resistance predictions seem to be
still too optimistic. The resistance prediction of EC3 for beam-columns seems to be
non-conservative throughout the whole slenderness range.
9.2.3. Detailed imperfection model, Winter resistance curve
Using the detailed imperfection model described in section 7.4 and 7.5, the resistance
prediction for concentrically loaded columns, see Fig. 9.5, leads in average to similar
results as shown for the EC3 imperfection model in Fig. 9.1. However, for locally stocky
sections the predicted ultimate load is considerably lower. This might be due to the fact
that the compressive residual stress has more impact on the result than the corresponding
equivalent imperfection. With increasing local slenderness this effect diminishes. Results
for the eccentrically loaded columns are shown in Fig. 9.6, where the tendencies are
similar to Fig. 9.2.
It has to be mentioned that the chosen detailed imperfection model is supposed to be
conservative, as all imperfections - local, global and residual stress - are taken into
account with their full amplitude. In the informative Annex C of [2] on the other hand,
it is recommended to chose a lead imperfection in its full amplitude and additional
imperfections could be reduced to 70%. This was not followed here, as first, it is
considered to be conservative taking all imperfections fully into account. Second, it
would need much more studies on the impact of residual stress to find an equivalent way
to reduce to 70% or another value. Last, the parametric study focused on influence of
load pattern as well as on the influence of local and global slenderness. Also the influence
of local buckling shape was assessed, leading to a high amount of numerical studies. The
inclusion of weighting the influence of each parameter in different amplitudes would
have been beyond the scope of this study.
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Figure 9.5.: Comparison of Fu,EC/Fu,FE for ψ = 1, using Winter resistance function
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Figure 9.6.: Comparison of Fu,EC/Fu,FE for ψ = 0, using Winter resistance function
9.2.4. Detailed imperfection model, exponential function
Using the exponential local resistance curve instead of Winter, the detailed imperfection
model leads to more precise resistance prediction for columns in bending, see Fig. 9.8
and to conservative results for the concentrically loaded columns in Fig. 9.7. Especially
for locally very slender sections and low global slenderness, the detailed imperfection
model often lead to convergence issues and thus outliers in the results. This might be
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allocated to geometrically stiff behaviour as the imperfections taken into account are
small and do not necessarily indicate the failure mode directly. Additionally, the material
behaviour is characterised by very low hardening and adds up to convergence issues when
reaching the ultimate load and thus localised plastifications occur.
0.5 1 1.5 2 2.5
0.8
1
1.2
1.4
λ¯eff
F
u
,E
C
/
F
u
,F
E
 
 
λ¯p :S960
0.75
0.9
1.0
1.1
1.25
1.5
1.75
2.0
Figure 9.7.: Comparison of Fu,EC/Fu,FE for ψ = 1
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Figure 9.8.: Comparison of Fu,EC/Fu,FE for ψ = 0
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9.3. Evaluation of ultimate loads using the generalised
slenderness approach
9.3.1. Using EC3 imperfection model
The analytical background of the generalised slenderness approach is described in chapter
8. It considers beam-column behaviour in its slenderness definition and local effects by
an additional equivalent imperfection. This equivalent local imperfection, ep, is thereby
based on the exponential local resistance function derived in chapter 6.
When looking at the case of concentrically loaded columns, the effect of just the additional
equivalent imperfection, ep, can be separated from the proportion of different load
distributions as here no load eccentricities, eL, have to be considered and the slenderness
definition is void of bending proportions. In Fig. 9.9, the results show the conservativeness
of the approach throughout the investigated local slenderness range.
For columns with ψ = 0, the results are less conservative, which is shown in Fig. 9.10.
The scatter in resistance prediction, however, is lower than the of EC3, which was shown
in Fig. 9.1. The generalised slenderness approach shows more accurate results for short
columns, while the EC3 approach tends to become more precise for long columns. In long
columns, the impact of initial imperfections gets less severe and the ultimate load gets
closer to the theoretical Euler-load. The definition of effective cross-section is, however,
still of importance. The generalised slenderness approach gives thus consequently better
results, as the underlaid exponential resistance function mirrors the mean value of realistic
local plate buckling.
As mentioned earlier, the imperfection shape for the local buckling mode was taken from
the higher Eigenmode, depicting a quadratic shape of buckling panels.
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Figure 9.9.: Comparison of Fu,gs/Fu,FE for ψ = 1, using generalised slenderness
approach
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Figure 9.10.: Comparison of Fu,gs/Fu,FE for ψ = 0, using generalised slenderness
approach
9.3.2. Using detailed imperfection model
The ultimate loads achieved in the FE-simulation when using the detailed imperfection
model are slightly higher than in the EC3 model, leading to a correspondingly more
conservative resistance prediction.
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Figure 9.11.: Comparison of Fu,gs/Fu,FE for ψ = 1, using generalised slenderness
approach
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Figure 9.12.: Comparison of Fu,gs/Fu,FE for ψ = 0, using generalised slenderness
approach
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9.4. Assessment of Experiments
9.4.1. General Information
In this section, the results of the experiments are assessed with the introduced generalised
slenderness and compared with the design rules according to EC3-1-1 [1] and EC3-1-5
[2].
9.4.2. Stub column tests
When assessing the resistance of the stub column tests described in section 4.3, two
approaches are possible: the previous method which was used to evaluate the local
buckling resistance or Winter-curve proofs the bearing capacity of the single plate. The
stress load is assigned (elastically) to each of the four plates of the column, where one
plate is consequently decisively loaded. The clamping effect of the adjacent plates leads to
an increased k-factor and is taken into account. A comparison of the evaluation according
to EC3-1-5 [2] and the generalised slenderness approach is shown in Fig. 9.13. It shows
that the improved local resistance curve using an exponential shape function, see Eq. 8.12,
leads to a precise and safe resistance prediction. This is only consequent, as the evaluation
leading to the derivation of the resistance function contained detailed information of
eccentricities allowing for a realistic k-factor determination: the scatter in the results
could thus be reduced and the exponential function depicts a best-fit function.
The corresponding tabulated values are summarised in Table 9.1. When comparing the
mean value of accuracy it becomes apparent that the generalised slenderness method is
more conservative, while EC3 matches 1. However, it has to be taken into account that
the deviation from the precise ultimate load is not the same across the slenderness range
and that EC3 is overconservative in the stocky range and unsafe in the very slender range.
This is displayed indirectly in the comparable high standard deviation which doubles the
standard deviation of the generalised slenderness (gs) resistance prediction.
The second approach would be to treat the column as a member and calculate according
to EC3-1-1 [1]. The corresponding evaluation is shown in Fig. 9.14. Here, the general
slenderness design approach as well as the EC3 design predict safe results. However, it
should be mentioned that the member check implicates the stability check assuming a
buckling length. This is done here with the factor 0.7, as the bottom can assumed to be
clamped, and the top is hinged via the cup-and-ball bearing. The centre of rotation is
considered, adding the distance between specimen to the centre of rotation as indicated
in Fig. 4.4. The same distance, however, does have a much higher stiffness due to the
setup than the specimen cross-section has. The predicted ultimate load is in consequence
much lower than the actual achieved one due to higher stiffness. This leads to comparable
conservative results, which are not really representative. The evaluation for the single
plate on the other hand, gives more realistic results as here the evaluation refers to the
actual cross-section.
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Table 9.1.: Comparison generalised slenderness and EC3 resistance prediction with stub
column tests, calculation for the decisively loaded plate
Test No. ρgs ρEC ρact
ρgs
ρact
ρEC
ρact
S500 195 6 1 0.90 0.89 0.98 0.98 0.98
2 0.89 0.89 0.99 0.99 0.98
3 0.93 0.92 0.91 0.91 0.89
4 0.89 0.89 0.95 0.95 0.95
S500 250 4 1 0.44 0.51 0.99 0.99 1.15
2 0.44 0.51 1.00 1.00 1.17
3 0.46 0.53 0.93 0.93 1.08
4 0.48 0.56 0.89 0.89 1.02
S700 180 6 1 0.86 0.86 0.93 0.93 0.94
2 0.83 0.84 0.99 0.99 1.01
3 0.92 0.91 0.91 0.91 0.90
4 0.84 0.85 0.96 0.96 0.97
5 0.84 0.85 0.95 0.95 0.96
S700 260 6 1 0.57 0.64 0.99 0.99 1.11
2 0.57 0.64 0.99 0.99 1.11
3 0.60 0.66 0.93 0.93 1.02
4 0.63 0.69 0.90 0.90 0.99
5 0.57 0.64 0.99 0.99 1.11
S960 120 6 1 1.00 1.00 0.93 0.93 0.93
2 1.00 1.00 0.91 0.91 0.91
3 #NV #NV #NV #NV #NV
4 1.00 1.00 0.91 0.91 0.91
S960 170 6 1 0.79 0.81 0.92 0.92 0.94
2 0.79 0.81 0.93 0.93 0.95
3 0.80 0.82 0.88 0.88 0.90
4 0.88 0.88 0.94 0.94 0.94
S960 220 6 1 0.60 0.66 0.98 0.98 1.09
2 0.60 0.66 0.98 0.98 1.07
3 0.67 0.72 0.91 0.91 0.98
4 0.60 0.66 0.97 0.97 1.07
S960 250 6 1 #NV #NV #NV #NV #NV
2 0.53 0.60 0.95 0.95 1.07
3 0.57 0.64 0.92 0.92 1.03
4 0.59 0.65 0.89 0.89 0.99
mean value 0.94 1.00
St.dev. 0.036 0.077
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Figure 9.13.: Comparison of gs and EC3 design approaches for stub column tests /
calculation for the decisively loaded plate
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Figure 9.14.: Comparison of gs and EC3 design approaches for stub column tests /
member-check
9.4.3. Interaction tests
The actual achieved reduction factor in the experiments, divided by the predicted
resistance of [1] is shown in Table 9.2. In the mean, the prediction of Eurocode fits
well, although the scatter seems to be rather high and the experiments were limited in
their slenderness range.
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Table 9.2.: Predicted ultimate load Fu by EC and using generalised slenderness approach
divided by the experimental Fu,exp
Test λ¯c
Fu,EC
Fu,exp
λ¯gs
Fu,gs
Fu,exp
01 W S500 160 4 1400 0.394 1.19 0.445 1.10
02 W S500 160 4 1600 0.439 1.12 0.497 1.03
03 W S500 160 4 1800 0.485 1.10 0.548 1.00
04 W S500 160 4 2000 0.530 1.10 0.600 1.00
05 W S500 160 4 2200 0.576 1.11 0.652 1.00
06 W S500 160 4 2300 0.599 1.10 0.677 0.99
07 W S960 140 4 0470 0.264 1.00 0.316 0.91
08 W S960 140 4 0730 0.351 0.99 0.419 0.90
09 W S960 140 4 1300 0.540 0.92 0.645 0.81
10 W S960 140 4 1400 0.573 0.89 0.684 0.78
11 W S960 140 4 1500 0.606 0.88 0.724 0.77
12 W S960 140 4 1700 0.672 0.88 0.803 0.76
13 W S960 140 4 1900 0.738 0.86 0.883 0.74
mean value 1.01 0.91
St.dev. 0.110 0.117
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Figure 9.15.: Comparison using generalised slenderness and EC approach for interaction
tests
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9.5. Design Example
9.5.1. General Information
A column is eccentrically loaded as indicated in the figure below. The column is evaluated
according to the generalised slenderness approach and according to EC3. The for both
approaches necessary values are assessed in this section.



N
/m
m²

Cross-section: box section 180x180x4
length l 3340 mm
Properties: A 2816 mm2
W 161,617.54 mm3
Iy 14,545,578.7 mm4
fy 960N/mm2
Npl 2703.4 kN
Loading: σEd,max 426 N/mm2
ψ 0
buckling curve b α 0.34
The applied axial force N can be derived from the integral of the stress:
N =
1
2
· σmax · A
=
1
2
· 426 · 2816 = 600 kN
(9.1)
The critical buckling load yields to:
Ncr =
pi2 · E · Iy
l2
=
pi2 · 210, 000 · 14, 545, 578.7
33402
= 2702.45 kN
(9.2)
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And the resulting eccentricity from the loading:
eL =
W
A
· 1− ψ
1 + ψ
=
161, 617.54
2816
· 1− 0
1 + 0
= 57.39 mm
(9.3)
9.5.2. Generalised slenderness approach
Due to bending, the ultimate resistance is reduced compared to the plain plastic resistance:
Nult =
Npl
1 + 1−ψ1+ψ
=
2703.4
1 + 11
= 1351.2 kN
(9.4)
The generalised slenderness yields thus to:
λ¯gs =
√
Nult
Ncrit
=
√
1351.2
2702.4
= 0.707
(9.5)
The design charts of Fig. 9.16 to assess the values χA and χW can be assessed by the
simple plate slenderness definition:
λ¯p =
b¯/t
28.4
√
235
fy
√
k
=
172/4
28.4
√
235
960
√
4
= 1.53
(9.6)
The values are thus:
χA = 0.690
χW = 0.665
(9.7)
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Figure 9.16.: Reduction factor for design example χA (left) and χI (right), S960
Next, the equivalent local imperfection can be assessed by using Eq. 8.9:
ep = s
[(
1
χA
− 1
)
+
1− ψ
1 + ψ
(
1
χW
− 1
)]
=
14, 545, 578.7
2816 · 90
[(
1
0.690
− 1
)
+
(
1
0.665
− 1
)]
= 57.39 mm
(9.8)
The imperfection amplification η is then calculated with Eq. 8.30:
η = α
(
λ¯gs − 0.2
)
+ (eL + ep)
A
W
= 0.34 (0.707− 0.2) + (57.39 + 56) 2816
161, 617.54
= 2.148
(9.9)
The interim value ke, Eq. 8.22, yields to:
ke =
Nult
Npl
=
1351.2
2703.4
= 0.5
(9.10)
The reduction factor χgs, Eq. 8.27, can thus be assessed by:
φgs =
√
1
ke
· 0.5 [ke + η · ke + λ¯2gs]√
1
0.5
· 0.5 [0.5 + 2.148 · 0.5 + 0.7072] = 1.467
χgs =
√
1
ke
 1
φ+
√
φ2 − λ¯2gs

=
√
1
0.5
[
1
1.467 +
√
1.4672 − 0.7072
]
= 0.514
(9.11)
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Resulting in the design proof, see Eq. 8.28 or 8.29:
N
χgs ·Nult ≤ 1
600
0.514 · 1351.2 = 0.864 ≤ 1
(9.12)
9.5.3. EC3 design proof
The local slenderness of the decisively loaded plate has to be assessed first. With the
derived Eq. 8.11, k is calculated by:
k = 5.15− 0.35ψ − 0.8ψ2
= 5.15
(9.13)
and the corresponding local slenderness results in:
λ¯p =
b¯/t
28.4
√
235
fy
√
k
=
172/4
28.4
√
235
960
√
5.15
= 1.35
(9.14)
Using Winter-curve for the decisively loaded plate:
ρEC =
λ¯p − 0.22
λ¯2p
=
1.35− 0.22
1.352
= 0.620
(9.15)
For the unloaded face of the cross-section, Eq. 3.13 applies:
kopp =
k
ψ + (1− ψ) · t/b
5.15
0 + (1− 0) · 4/180 = 231.7
λ¯p,opp. =
b¯/t
28.4
√
235
fy
√
kopp.
=
172/4
28.4
√
235
960
√
231.7
= 0.2
ρopp. = 1.0
(9.16)
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Figure 9.17.: Denomination of effective width section
And for the adjacent faces, Eq. 3.14 can be used:
kadj. =
k
ψ + (1− ψ) · (b− t) t/b
=
5.15
0 + (1− 0) · (180− 4) 4/180 = 5.267
λ¯p,adj. =
172/4
28.4
√
235
960
√
5.267
= 1.333
ρadj. = ρEC ·
(λ¯p,adj. − 0.055 · (3 + ψ))/(λ¯2p,adj.)
(λ¯p,loaded − 0.22)/(λ¯2p,loaded)
= ρEC ·
(λ¯p,adj. − 0.055 · (3 + ψ))/(λ¯2p,adj.)
(λ¯p,loaded − 0.22)/(λ¯2p,loaded)
(9.17)
With the three reduction factors ρi, the effective cross-section properties Aeff and Ieff can
be assessed. Their derivation is summarised in Table 9.3. The resulting effective width
are additionally depicted in Fig. 9.17.
Using Table 9.3, zS and Ieff can be calculated then with:
zS =
∑
Ai · zi∑
Ai
=
159, 224
2083.98
= 76.40 mm
Ieff =
∑
Ii +
∑
Ai · z2i − z2i ·
∑
Ai
= 272, 172 + 23, 832, 747− 76.42 · 2083.98 = 11, 939, 465 mm4
(9.18)
157
9. Application of the new resistance formula and comparison with EC3 design
Table 9.3.: Determination of effective cross-section properties
Part no. ρ eff. width Ai zi Ai · zi Ai · z2i Ii
[mm] [mm2] [mm] [mm3] [mm4] [mm4]
adj. - be2 2 0.658 67.9 543.2 37.95 20,617 782,498 208,749
adj. - be1 2 0.658 45.3 362.2 153.36 55,543 8,518,354 61,851
decisive 1 0.62 106.6 426.56 178. 75,927 13,515,127 568
opposite 1 1 180 720 2 1440 2880 960
Corners 2 1 4 32 178 5696 1,013,888 42.67
Sum 2083.97 159,224 23,832,747 272,172
The effective slenderness results in:
λ¯eff =
√
Aeff · fy
Ncr√
2083.97 · 960
2702.45
= 0.86
(9.19)
And with the knowledge of buckling curve b, the imperfection factor α yields to 0.34.
Thus, the reduction factor χ yields to:
φ = 0.5
[
1 + α
(
λ¯eff − 0.2
)
+ λ¯2eff
]
= 0.5
[
1 + 0.34 (0.86− 0.2) + 0.862] = 0.982
χ =
1
φ+
√
φ2 − λ¯2eff
=
1
0.982 +
√
0.9822 − 0.862 = 0.687
(9.20)
Additionally, the equivalent moment distribution factors have to be calculated for CSC4:
Cmy = 0.6 + 0.4ψ ≤ 0.4
= 0.6 + 0 = 0.6
kyy = Cmy
(
1 + 0.6λ¯eff
NEd
χ ·NRk/γM1
)
≤ Cmy
(
1 + 0.6
NEd
χ ·NRk/γM1
)
= 0.6 (1 + 0.6 · 0.86 · 0.436) ≤ 0.6 (1 + 0.6 · 0.436)
= 0.735 ≤ 0.757
(9.21)
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Under consideration of Eq. 3.2, the design proof finalises then to:
NEd
χNRk
+ kyy
My,Ed
MRk
+ kyz
Mz,Ed
MRk
≤ 1
600
0.687 · 2073.4 + 0.735
600 · (57.39 + 13.59) /100
110.65
≤ 1
0.72 ≤ 1
(9.22)
9.6. Summary and Discussion
In this chapter, detailed comparisons where shown for the EC3 resistance prediction
and the in chapter 8 derived generalised slenderness approach with reference to the
experimental and the numerical studies. The accuracy of both design methods is presented
with respect to the numerical study in Table 9.4. Here, the maximum and minimum
ratios (referred to numerical results) for both methods are evaluated, characterised by
the mean value and standard deviation. As the results showed to be influenced by the
local slenderness, subgroups were formed, one group for λ¯p up to 1.25 and the second
group for λ¯p 1.5 : 2.0. The evaluation was further divided in concentrically (ψ = 1) and
eccentrically (ψ = 0) loaded columns.
For both imperfection models and concentrically loaded columns, the generalised
slenderness approach (gs) shows to be more conservative across the whole slenderness
range. The advantage of the generalised slenderness approach is more distinct for
eccentrically loaded columns, where the bending part is important. Here, the mean value
of accuracy is always closer to 1 than the EC3 prediction, and also the standard deviations
are lower in all cases.
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Table 9.4.: Accuracy of prediction model EC3 and generalised slenderness approach
EC3 imperfection model detailed imperfection model
ψ λ¯p EC3 gs EC3 gs
1
0.75-1.25
max 1.01 1.00 1.04 0.97
min 0.91 0.81 0.81 0.74
mean 0.96 0.88 0.88 0.81
St. Dev. 0.027 0.046 0.056 0.064
1.5-2
max 1.20 0.99 1.13 0.92
min 1.01 0.83 0.95 0.79
mean 1.10 0.88 1.03 0.83
St. Dev. 0.057 0.043 0.048 0.036
0
0.75-1.25
max 1.19 1.04 1.16 1.00
min 1.01 0.96 0.99 0.89
mean 1.12 1.01 1.08 0.97
St. Dev. 0.048 0.021 0.045 0.024
1.5-2
max 1.32 1.14 1.69 1.44
min 1.12 0.99 1.08 0.99
mean 1.23 1.08 1.22 1.07
St. Dev. 0.047 0.041 0.117 0.093
160
10. Summary and Conclusions
This thesis deals with the interaction behaviour of local and global buckling of square
sections made of high strength steel. Thus, different issues were assessed in the previous
chapters:
• The influence of material characteristics of high strength steel on stability behaviour
• derivation of a detailed imperfection model
• derivation of a new reduction curve for local buckling
• reliability of local buckling resistance
• accurate slenderness definition
• analytical derivation to predict resistance of a column in coupled instability
• comparison of new design approach and EC3 design with experimental and
numerical studies
To address these issues, experimental and numerical studies on welded, squared box
sections with varying local and global slenderness were conducted.
For the influence of material characteristics of high strength steel, lower bound material
stress-strain curves were first derived using the Conside`re-Criterium. These curves
characterise a material that fulfils the minimum ductility requirements of [4]. Used in
the numerical parametric studies, the influence of material characteristics on the stability
behaviour in dependence of local and global stability could be assessed. It was shown that
the influence of a possible yield plateau and the hardening characteristics on the stability
behaviour of the column is of minor influence for stocky cross-sections which are close
to cross-section Class 3, and negligible for cross-section Class 4 plates. A comparison of
mild steel and high strength steel stub column tests confirmed that resistance prediction
models used for mild steel are also applicable for structures made of high strength steel.
A detailed imperfection model was derived, incorporating local and global imperfections
as well as a residual stress distribution suited for high strength steel. In combination with
the local buckling shape, which was applied in the numerical studies with an Eigenmode
higher than 1 to match a shape of quadratic buckling panels, this imperfection model
produced a much higher scatter than the rather simple EC3 imperfection model. The
EC3 model is thus more suitable to compare with analytical solutions, while the results
from the detailed model represent still a possible and likely scatter of column stability
behaviour.
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Based on the results of an experimental programme, a new reduction curve for the
effective width method was derived to give a best-fit to the experimental studies. A
reliability study was conducted to derive a necessary γ∗M-value. Using the new best-fit
curve, a value of 1.06 could be recommended. Alternately, the Winter resistance curve
could be used further on with a γ∗M of 1.15. For γ
∗
M, the over-strength of the material
might be of influence, meaning differences in the safety level for mild and high strength
steels. A sensitivity check revealed, however, that for plate buckling, the yield strength is
of minor impact compared with e.g. the plate thickness.
After dealing with material issues and local buckling, attention was given to global
buckling and its interaction with local effects. Integral part was the definition of
slenderness: it was chosen to include possible bending in the slenderness definition,
allowing the omission of additional factors used by EC3 in the design check at a
later design stage. Local effects were not included in the slenderness definition itself,
such that for the chosen generalised slenderness approach λ¯gs is derived for the gross
cross-section.
In the analytical derivation of a resistance formula, local effects are included by an
equivalent imperfection ep. First design charts were derived using the new local design
curve to calculate effective cross-section properties. These consider also clamping effects
which occur in case of columns under bending, thus simplifying the design process. With
the factors from the design charts, the equivalent imperfection ep can be calculated and
used in the design procedure. Bending moments are considered by splitting toM = N ·eL,
such that in the final design check only axial forces and eccentricities (e0, eL and ep)
occur. The reduction factor for column behaviour χgs applies to the plastic resistance of
the column under consideration of bending Nult.
The comparison of the new design approach and EC3 revealed similar accuracy for
concentrically loaded columns and slightly more precise results for eccentrically loaded
columns using the generalised slenderness approach. The advantage in the generalised
slenderness approach lies mainly in the improved underlying local resistance curve,
which ensures safe design for locally slender columns and beam columns and the usage
of design charts instead of iterative calculation of cross-sectional properties. Overall, the
design formula is more compact in comparison with EC3, as no additional shape factors
are needed.
For future work, the presented generalised slenderness approach could be easily extended
to include rectangular hollow sections. The extension to open sections is possible
even though here the calculation and impact of ep should be carefully checked, as the
decisively loaded plate(s) are no internal elements but outstanding flanges. The loss of
overall stiffness due to local buckling effects might thus be more pronounced.
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A.1. Stub Column dimensions
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A.1. Stub Column dimensions
Table A.1.: Dimensions of stub column specimens
Steel nominal geometry Actual width Actual length Actual thickness
[mm] [mm] [mm] [mm]
500 195 195 6 195 197 650 5.96
500 195 195 6 195 196 650 6.02
500 195 195 6 195 197 650 5.95
500 195 195 6 195 196 650 6.03
500 195 195 6 - - - -
500 250 250 4 249 253 800 4.04
500 250 250 4 249 253 800 4.03
500 250 250 4 249 252 800 4.02
500 250 250 4 249 253 800 4.03
500 250 250 4 - -
700 180 180 6 181 181 588 5.97
700 180 180 6 181 182 586 6.03
700 180 180 6 181 181.5 588 6.02
700 180 180 6 181 181.5 588 6.01
700 180 180 6 181 182 5.95
700 260 260 6 260 263 828 6
700 260 260 6 261 262 828 6.03
700 260 260 6 262 260 825 6.04
700 260 260 6 261 261.5 825 5.96
700 260 260 6 261 262.5 5.96
960 120 120 6 120 121 410 6.04
960 120 120 6 120 120 410 6.06
960 120 120 6 120 120 6.04
960 120 120 6 120 120 410 6.07
960 120 120 6 120 120.5
960 170 170 6 169 171 560 6.05
960 170 170 6 170 170 560 6.07
960 170 170 6 170 171 560 6.05
960 170 170 6 171 172 560 6
960 170 170 6 172 171
960 220 220 6 220 223 710 6.03
960 220 220 6 220 221 710 6.03
960 220 220 6 222.5 218 710 6.05
960 220 220 6 219 222 710 6.1
960 220 220 6 220.5 222
960 250 250 6 254 252 800 6.03
960 250 250 6 249 251 6.03
960 250 250 6 249 250.5 800 6.05
960 250 250 6 250 251 800 6.22
960 250 250 6 251 251
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A.2. Stub Column Tests: Measurements during testing
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S500 SHS200x6 (2), ψ = 0.97
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S500 SHS200x6 (3), ψ = 0.69
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A.2. Stub Column Tests: Measurements during testing
S500 SHS200x6 (4), ψ = 0.96
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A. Experimental Studies
S500 SHS250x4 (1), ψ = 0.95
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A.2. Stub Column Tests: Measurements during testing
S500 SHS250x4 (2), ψ = 1.0
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A. Experimental Studies
S500 SHS250x4 (3), ψ = 0.71
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A.2. Stub Column Tests: Measurements during testing
S500 SHS250x4 (4), ψ = 0.32
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A. Experimental Studies
S700 SHS180x6 (1), ψ = 0.85
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A.2. Stub Column Tests: Measurements during testing
S700 SHS180x6 (2), ψ = 0.99
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A. Experimental Studies
S700 SHS180x6 (3), ψ = 0.25
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A.2. Stub Column Tests: Measurements during testing
S700 SHS180x6 (4), ψ = 0.94
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A. Experimental Studies
S700 SHS180x6 (5), ψ = 0.96
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A.2. Stub Column Tests: Measurements during testing
S700 SHS260x6 (1), ψ = 0.96
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A. Experimental Studies
S700 SHS260x6 (2), ψ = 0.97
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A.2. Stub Column Tests: Measurements during testing
S700 SHS260x6 (3), ψ = 0.69
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A. Experimental Studies
S700 SHS260x6 (4), ψ = 0.33
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A.2. Stub Column Tests: Measurements during testing
S700 SHS260x6 (5), ψ = 0.95
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A. Experimental Studies
S960 SHS120x6 (1), ψ = 1.0
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A.2. Stub Column Tests: Measurements during testing
S960 SHS120x6 (2), ψ = 0.98
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A. Experimental Studies
S960 SHS120x6 (3), ψ = 0.03
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A.2. Stub Column Tests: Measurements during testing
S960 SHS120x6 (4), ψ = 0.74
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A. Experimental Studies
S960 SHS170x6 (1), ψ = 0.98
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A.2. Stub Column Tests: Measurements during testing
S960 SHS170x6 (2), ψ = 0.99
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A. Experimental Studies
S960 SHS170x6 (3), ψ = 0.92
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A.2. Stub Column Tests: Measurements during testing
S960 SHS170x6 (4), ψ = 0.18
0 1 2 3 4 5
0
250
500
750
1000
1250
1500
1750
2000
2250
W−S960−170−6−4
Displacement [mm] 
Fo
rc
e 
[k
N]
F
u
 = 2241.53 kN 
 w
u
 = 2.13 mm
0 1 2 3 4 5
0
250
500
750
1000
1250
1500
1750
2000
2250
Displacement [mm] 
Fo
rc
e 
[k
N]
 
 
Rope 1
Rope 2
Rope 3
−0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
0
250
500
750
1000
1250
1500
1750
2000
2250
ε [%] 
Fo
rc
e 
[k
N]
W−S960−170−6−4
 
 
SG1
SG2
SG3
SG4
   5% F
y
:     0.95     0.05
 10% F
y
:     0.85     0.15
  F
u
:      0.83     0.17
ψ
10%     0.18 
197
A. Experimental Studies
S960 SHS220x6 (1), ψ = 0.99
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A.2. Stub Column Tests: Measurements during testing
S960 SHS220x6 (2), ψ = 0.96
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A. Experimental Studies
S960 SHS220x6 (3), ψ = 0.2
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A.2. Stub Column Tests: Measurements during testing
S960 SHS220x6 (4), ψ = 0.96
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A. Experimental Studies
S960 SHS250x6 (1), ψ = 0.96
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A.2. Stub Column Tests: Measurements during testing
S960 SHS250x6 (2), ψ = 0.95
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A. Experimental Studies
S960 SHS250x6 (3), ψ = 0.54
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A.2. Stub Column Tests: Measurements during testing
S960 SHS250x6 (4), ψ = 0.27
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A. Experimental Studies
A.3. Stub Column Tests: Imperfection Measurements
S500 SHS200x6 (1), ψ = 0.93
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A.3. Stub Column Tests: Imperfection Measurements
S500 SHS200x6 (2), ψ = 0.97
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A. Experimental Studies
S500 SHS200x6 (3), ψ = 0.69
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A.3. Stub Column Tests: Imperfection Measurements
S500 SHS200x6 (4), ψ = 0.96
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A. Experimental Studies
S500 SHS250x4 (1), ψ = 0.95
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A.3. Stub Column Tests: Imperfection Measurements
S500 SHS250x4 (2), ψ = 1.0
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A. Experimental Studies
S500 SHS250x4 (3), ψ = 0.71
−400 −200
0 200
400
−200
0
200
−1
0
1
 
X
Measured Data and Fitted Surface − Face 1
Y 
Measured Data
Fitted Surface
−400 −200
0 200
400
−200
0
200
−0.5
0
0.5
X
Fitted Surface
Y
−400 −200
0 200
400
−200
0
200
−1
0
1
 
X
Measured Data and Fitted Surface − Face 2
Y 
Measured Data
Fitted Surface
−400 −200
0 200
400
−200
0
200
−0.5
0
0.5
X
Fitted Surface
Y
−400 −200
0 200
400
−200
0
200
−0.5
0
0.5
1
 
X
Measured Data and Fitted Surface − Face 3
Y 
Measured Data
Fitted Surface
−400 −200
0 200
400
−200
0
200
−0.5
0
0.5
X
Fitted Surface
Y
−400 −200
0 200
400
−200
0
200
−1
0
1
 
X
Measured Data and Fitted Surface − Face 4
Y 
Measured Data
Fitted Surface
−400 −200
0 200
400
−200
0
200
−0.5
0
0.5
X
Fitted Surface
Y
3.09e−09*x3+−2.76e−06*x2+−0.000456*x+2.76e−05*y2+0.000123*y+−0.0296
5.86e−09*x3+2.47e−06*x2+−0.00074*x+8.22e−06*y2+−9.78e−05*y+−0.173
1.66e−09*x3+−3.64e−06*x2+−0.000201*x+2.53e−05*y2+0.000414*y+0.0283
2.14e−09*x3+−3.23e−06*x2+−0.0004*x+9.03e−07*y2+3.04e−05*y+0.156
W−S500−250−4−3
212
A.3. Stub Column Tests: Imperfection Measurements
S500 SHS250x4 (4), ψ = 0.32
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A. Experimental Studies
S700 SHS180x6 (1), ψ = 0.85
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A.3. Stub Column Tests: Imperfection Measurements
S700 SHS180x6 (2), ψ = 0.99
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A. Experimental Studies
S700 SHS180x6 (3), ψ = 0.25
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A.3. Stub Column Tests: Imperfection Measurements
S700 SHS180x6 (4), ψ = 0.94
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A. Experimental Studies
S700 SHS180x6 (5), ψ = 0.96
−400 −200
0 200
400
−100
0
100
−0.5
0
0.5
 
X
Measured Data and Fitted Surface − Face 1
Y 
Measured Data
Fitted Surface
−400 −200
0 200
400
−100
0
100
−0.5
0
0.5
X
Fitted Surface
Y
−400 −200
0 200
400
−100
0
100
−1
0
1
 
X
Measured Data and Fitted Surface − Face 2
Y 
Measured Data
Fitted Surface
−400 −200
0 200
400
−100
0
100
−1
−0.5
0
0.5
X
Fitted Surface
Y
−400 −200
0 200
400
−100
0
100
−0.5
0
0.5
 
X
Measured Data and Fitted Surface − Face 3
Y 
Measured Data
Fitted Surface
−400 −200
0 200
400
−100
0
100
−0.5
0
0.5
X
Fitted Surface
Y
−400 −200
0 200
400
−100
0
100
−1
0
1
 
X
Measured Data and Fitted Surface − Face 4
Y 
Measured Data
Fitted Surface
−400 −200
0 200
400
−100
0
100
−0.5
0
0.5
X
Fitted Surface
Y
2.65e−08*x3+1.07e−06*x2+−0.00223*x+9.94e−06*y2+0.000188*y+−0.0662
2.61e−08*x3+−1.16e−05*x2+−0.00204*x+−1.6e−05*y2+−1.36e−05*y+0.399
2.36e−08*x3+−1.75e−06*x2+−0.00198*x+9.93e−06*y2+−0.00011*y+0.0184
2.45e−08*x3+3.73e−06*x2+−0.0022*x+−7.94e−06*y2+2.82e−05*y+−0.0852
W−S700−180−6−5
218
A.3. Stub Column Tests: Imperfection Measurements
S700 SHS260x6 (1), ψ = 0.96
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A. Experimental Studies
S700 SHS260x6 (2), ψ = 0.97
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A.3. Stub Column Tests: Imperfection Measurements
S700 SHS260x6 (3), ψ = 0.69
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A. Experimental Studies
S700 SHS260x6 (4), ψ = 0.33
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A.3. Stub Column Tests: Imperfection Measurements
S700 SHS260x6 (5), ψ = 0.95
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A. Experimental Studies
S960 SHS120x6 (1), ψ = 1.0
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A.3. Stub Column Tests: Imperfection Measurements
S960 SHS120x6 (2), ψ = 0.98
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A. Experimental Studies
S960 SHS120x6 (3), ψ = 0.03
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A.3. Stub Column Tests: Imperfection Measurements
S960 SHS120x6 (4), ψ = 0.74
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A. Experimental Studies
S960 SHS170x6 (1), ψ = 0.98
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A.3. Stub Column Tests: Imperfection Measurements
S960 SHS170x6 (2), ψ = 0.99
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A. Experimental Studies
S960 SHS170x6 (3), ψ = 0.92
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A.3. Stub Column Tests: Imperfection Measurements
S960 SHS170x6 (4), ψ = 0.18
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A. Experimental Studies
S960 SHS220x6 (1), ψ = 0.99
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7.52e−09*x3+−1.92e−06*x2+−0.000742*x+−1.43e−05*y2+−0.000136*y+0.15
1.55e−08*x3+−5.76e−06*x2+−0.00187*x+−3.51e−05*y2+0.000545*y+0.414
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A.3. Stub Column Tests: Imperfection Measurements
S960 SHS220x6 (2), ψ = 0.96
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A. Experimental Studies
S960 SHS220x6 (3), ψ = 0.2
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5.52e−09*x3+−3.42e−06*x2+−0.000428*x+5.36e−06*y2+−0.000119*y+0.122
3.09e−09*x3+−2.92e−06*x2+−0.000341*x+−4.48e−06*y2+0.000634*y+0.147
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A.3. Stub Column Tests: Imperfection Measurements
S960 SHS220x6 (4), ψ = 0.96
−400 −200
0 200
400
−200
0
200
−0.5
0
0.5
 
X
Measured Data and Fitted Surface − Face 1
Y 
Measured Data
Fitted Surface
−400 −200
0 200
400
−200
0
200
−0.5
0
0.5
X
Fitted Surface
Y
−400 −200
0 200
400
−200
0
200
−1
0
1
 
X
Measured Data and Fitted Surface − Face 2
Y 
Measured Data
Fitted Surface
−400 −200
0 200
400
−200
0
200
−0.5
0
0.5
X
Fitted Surface
Y
−400 −200
0 200
400
−200
0
200
−1
0
1
 
X
Measured Data and Fitted Surface − Face 3
Y 
Measured Data
Fitted Surface
−400 −200
0 200
400
−200
0
200
−0.5
0
0.5
X
Fitted Surface
Y
−400 −200
0 200
400
−200
0
200
−2
−1
0
1
 
X
Measured Data and Fitted Surface − Face 4
Y 
Measured Data
Fitted Surface
−400 −200
0 200
400
−200
0
200
−0.5
0
0.5
X
Fitted Surface
Y
1.07e−08*x3+−2.32e−06*x2+−0.00118*x+−1.65e−05*y2+−3.37e−05*y+0.178
8.9e−09*x3+−5.02e−06*x2+−0.00112*x+1.55e−05*y2+0.000693*y+0.143
1.13e−08*x3+−2.75e−06*x2+−0.00127*x+−1.01e−05*y2+0.000192*y+0.166
1.05e−08*x3+−4.63e−06*x2+−0.00123*x+2.55e−05*y2+−0.000311*y+0.0792
W−S960−220−6−4
235
A. Experimental Studies
S960 SHS250x6 (1), ψ = 0.96
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3.07e−10*x3+−3.92e−06*x2+−4.95e−05*x+7.69e−06*y2+0.000545*y+0.178
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A.3. Stub Column Tests: Imperfection Measurements
S960 SHS250x6 (2), ψ = 0.95
−400 −200
0 200
400
−200
0
200
−1
−0.5
0
0.5
 
X
Measured Data and Fitted Surface − Face 1
Y 
Measured Data
Fitted Surface
−400 −200
0 200
400
−200
0
200
−0.5
0
0.5
X
Fitted Surface
Y
−400 −200
0 200
400
−200
0
200
−1
−0.5
0
0.5
 
X
Measured Data and Fitted Surface − Face 2
Y 
Measured Data
Fitted Surface
−400 −200
0 200
400
−200
0
200
−0.5
0
0.5
X
Fitted Surface
Y
−400 −200
0 200
400
−200
0
200
−0.5
0
0.5
 
X
Measured Data and Fitted Surface − Face 3
Y 
Measured Data
Fitted Surface
−400 −200
0 200
400
−200
0
200
−0.5
0
0.5
X
Fitted Surface
Y
−400 −200
0 200
400
−200
0
200
−1
0
1
 
X
Measured Data and Fitted Surface − Face 4
Y 
Measured Data
Fitted Surface
−400 −200
0 200
400
−200
0
200
−1
−0.5
0
0.5
X
Fitted Surface
Y
−2.27e−10*x3+−2.94e−06*x2+7.85e−05*x+−8.06e−06*y2+3.1e−05*y+0.199
−2.64e−09*x3+−4.35e−06*x2+0.000439*x+4.46e−06*y2+−6.8e−05*y+0.216
−6.07e−10*x3+−2.16e−06*x2+0.000135*x+−3.07e−06*y2+−5.69e−05*y+0.132
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A. Experimental Studies
S960 SHS250x6 (3), ψ = 0.54
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2.05e−10*x3+−5.28e−06*x2+−2.47e−06*x+−4.71e−06*y2+−0.000125*y+0.311
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A.3. Stub Column Tests: Imperfection Measurements
S960 SHS250x6 (4), ψ = 0.27
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1.13e−09*x3+−3.39e−06*x2+−0.000113*x+−1.19e−05*y2+3.91e−05*y+0.242
1.02e−09*x3+−7.28e−06*x2+−9.06e−05*x+−4.87e−06*y2+0.000181*y+0.42
W−S960−250−6−4
239
A. Experimental Studies
A.4. Stub Column Test: Database
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A.4. Stub Column Test: Database
Table A.2.: Experimental Stub Column Database, Part A
Source Test fy,act b¯act tact Nexp NEC ψ kσ λ¯p,act ρact
C
am
br
id
ge
WA1 275 275.4 14.3 5170 4557 1.00 4.00 0.37 1.14
WA2 275 275.4 14.3 5137 4557 1.00 4.00 0.37 1.13
WB1 250 333.8 11.1 3675 3828 1.00 4.00 0.55 0.96
WB2 250 333.8 11.1 3522 3828 1.00 4.00 0.55 0.92
WC1 272 387.0 9.5 3420 3804 1.00 4.00 0.77 0.83
WC2 272 387.0 9.5 3511 3804 1.00 4.00 0.77 0.85
WD1 258 390.2 7.9 2529 2713 1.00 4.00 0.91 0.77
WD2 258 390.2 7.9 2667 2713 1.00 4.00 0.91 0.82
WE1 281 393.2 6.4 1708 1993 1.00 4.00 1.18 0.59
WE2 281 393.2 6.4 1708 1993 1.00 4.00 1.18 0.59
WG1 254 344.8 5.6 1429 1433 1.00 4.00 1.13 0.71
WG2 254 344.8 5.6 1444 1433 1.00 4.00 1.13 0.72
WF3 403 396.4 4.8 1225 1462 1.00 4.00 1.90 0.39
WF4 403 396.4 4.8 1286 1462 1.00 4.00 1.90 0.41
WT1 312 584.6 12.7 7161 7786 1.00 4.00 0.93 0.75
WT2 312 584.6 12.7 7222 7786 1.00 4.00 0.93 0.76
WT3 312 584.6 12.7 7161 7786 1.00 4.00 0.93 0.75
R
as
m
us
se
n
B1SC1 670 69.7 5.0 1041 992 1.00 4.00 0.42 1.05
B1SC2 670 69.4 5.0 1066 993 1.00 4.00 0.41 1.08
B2SC1 670 98.7 5.0 1398 1378 1.00 4.00 0.59 1.02
B2SC2 670 98.8 5.0 1406 1379 1.00 4.00 0.59 1.02
B3SC1 670 129.9 5.0 1685 1657 1.00 4.00 0.78 0.94
B3SC2 670 129.3 5.0 1787 1654 1.00 4.00 0.77 1.00
L
if
th
ig
h
S10-0a 441 76.3 3.1 502 444 1.00 4.00 0.60 1.13
S10-0b 441 76.4 3.1 502 444 1.00 4.00 0.60 1.13
S10-90a 471 76.4 3.1 515 474 1.00 4.00 0.62 1.09
S10-90b 471 76.0 3.1 531 472 1.00 4.00 0.62 1.12
S20-0a 441 95.2 3.1 506 494 1.00 4.00 0.75 0.93
S20-90a 471 95.2 3.1 518 516 1.00 4.00 0.78 0.89
S20-90b 471 95.1 3.1 493 516 1.00 4.00 0.78 0.85
S30-0a 441 113.3 3.1 468 522 1.00 4.00 0.90 0.73
S30-0b 441 113.4 3.1 484 522 1.00 4.00 0.90 0.75
S30-90a 471 113.4 3.1 496 545 1.00 4.00 0.93 0.72
S30-90b 471 113.3 3.1 487 545 1.00 4.00 0.93 0.71
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A. Experimental Studies
Table A.3.: Experimental Stub Column Database, Part B
Source Test fy,act b¯act tact Nexp NEC ψ kσ λ¯p,act ρact
L
if
th
ig
h
W71-0a 773 81.2 4.1 1186 1109 1.00 4.00 0.63 1.05
W71-0b 773 81.8 4.1 1194 1112 1.00 4.00 0.64 1.05
W71-0c 773 81.3 4.1 1192 1110 1.00 4.00 0.63 1.05
W71-90a 794 81.8 4.1 1254 1134 1.00 4.00 0.65 1.07
W71-90b 794 81.3 4.1 1246 1132 1.00 4.00 0.64 1.07
W71-90c 794 81.3 4.1 1217 1132 1.00 4.00 0.64 1.05
W72-0a 773 101.1 4.1 1270 1202 1.00 4.00 0.79 0.92
W72-90a 794 101.3 4.1 1289 1225 1.00 4.00 0.80 0.91
W72-90b 794 101.5 4.1 1311 1226 1.00 4.00 0.80 0.92
W73-0a 773 121.4 4.1 1183 1267 1.00 4.00 0.95 0.72
W73-0b 773 121.4 4.1 1193 1267 1.00 4.00 0.95 0.73
W73-90a 794 121.0 4.1 1228 1288 1.00 4.00 0.96 0.73
W73-90b 794 121.2 4.1 1223 1289 1.00 4.00 0.96 0.73
W74-0b 773 187.8 4.1 1241 1387 1.00 4.00 1.47 0.50
W74-90a 794 187.3 4.1 1253 1408 1.00 4.00 1.48 0.49
W74-90b 794 187.1 4.1 1260 1408 1.00 4.00 1.48 0.50
W111-0a 1351 62.4 4.0 1433 1429 1.00 4.00 0.66 0.95
W111-0b 1351 62.4 4.0 1491 1430 1.00 4.00 0.66 0.99
W111-0c 1351 61.8 4.0 1429 1425 1.00 4.00 0.66 0.95
W111-90a 1335 62.1 4.0 1379 1415 1.00 4.00 0.65 0.93
W111-90b 1335 61.4 4.0 1413 1409 1.00 4.00 0.65 0.96
W111-90c 1335 61.5 4.0 1523 1411 1.00 4.00 0.65 1.03
W112-0a 1351 77.6 4.0 1651 1536 1.00 4.00 0.82 0.90
W112-90a 1335 77.5 4.0 1607 1524 1.00 4.00 0.82 0.88
W112-90b 1335 77.3 4.0 1668 1522 1.00 4.00 0.81 0.92
W113-0a 1351 93.4 4.0 1530 1613 1.00 4.00 0.99 0.70
W113-0b 1351 93.4 4.0 1543 1612 1.00 4.00 0.99 0.71
W113-90a 1335 93.3 4.0 1522 1600 1.00 4.00 0.98 0.71
W113-90b 1335 93.3 4.0 1551 1600 1.00 4.00 0.98 0.72
W114-0a 1351 146.9 4.0 1592 1756 1.00 4.00 1.56 0.48
W114-0b 1351 146.9 4.0 1561 1756 1.00 4.00 1.56 0.47
W114-90a 1335 146.9 4.0 1539 1744 1.00 4.00 1.55 0.47
W114-90b 1335 147.2 4.0 1557 1745 1.00 4.00 1.55 0.47
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Table A.4.: Experimental Stub Column Database, Part C
Source Test fy,act b¯act tact Nexp NEC ψ kσ λ¯p,act ρact
N
is
hi
no
S1 273 283.1 6.5 1589 1831 1.00 4.00 0.83 0.77
S11 273 285.6 6.5 1628 1836 1.00 4.00 0.83 0.78
S2 266 405.1 6.4 1500 1952 1.00 4.00 1.18 0.53
S21 266 407.6 6.5 1522 1969 1.00 4.00 1.18 0.53
T1A 799 280.5 6.5 3116 3644 1.00 4.00 1.40 0.51
T1B 799 278.0 6.5 3088 3613 1.00 4.00 1.39 0.51
T2A 714 165.4 6.6 2896 2984 1.00 4.00 0.77 0.90
T2B 714 165.4 6.6 2925 2984 1.00 4.00 0.77 0.91
H
uu
sk
o
B125 1100 115.7 5.0 2465 2262 1.00 4.00 0.89 0.93
B140 1100 130.6 5.0 2394 2359 1.00 4.00 0.99 0.79
B155 1100 145.3 5.0 2368 2441 1.00 4.00 1.10 0.70
B170 1100 160.4 5.0 2317 2469 1.00 4.00 1.22 0.63
B185 1100 175.2 5.0 2340 2531 1.00 4.00 1.33 0.58
B200 1100 190.2 5.0 2303 2559 1.00 4.00 1.45 0.52
B75 1121 69.0 3.0 884 819 1.00 4.00 0.89 0.92
B84 1121 79.2 3.0 821 877 1.00 4.00 1.00 0.72
B93 1121 88.1 3.0 770 875 1.00 4.00 1.14 0.62
B102 1121 96.5 3.0 771 887 1.00 4.00 1.25 0.57
B111 1121 106.1 3.0 779 915 1.00 4.00 1.36 0.52
B120 1121 114.8 3.1 847 967 1.00 4.00 1.44 0.51
B
ri
dg
e
B12 282 237.7 2.1 222 246 1.00 4.00 2.14 0.38
B18 282 157.7 2.1 184 232 1.00 4.00 1.42 0.47
B23 282 117.7 2.1 184 218 1.00 4.00 1.06 0.63
B25 282 77.7 2.1 182 189 1.00 4.00 0.70 0.94
B27 282 277.7 2.1 226 250 1.00 4.00 2.50 0.33
B7 282 197.7 2.1 211 240 1.00 4.00 1.78 0.43
B30 282 277.7 2.1 226 250 1.00 4.00 2.50 0.33
B31 282 277.7 2.1 235 250 1.00 4.00 2.50 0.34
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Table A.5.: Experimental Stub Column Database, Part D
Source Test fy,act b¯act tact Nexp NEC ψ kσ λ¯p,act ρact
Sc
hi
llo
5 992 108.0 6.1 2970 2710 0.98 4.04 0.64 1.10
6 992 108.0 6.1 2932 2731 1.00 4.01 0.65 1.08
7 992 158.6 6.0 3362 3212 0.99 4.01 0.95 0.85
8 992 158.6 6.0 3382 3197 0.98 4.04 0.95 0.86
9 992 208.7 6.1 3179 3436 0.99 4.02 1.24 0.61
10 992 208.7 6.1 3184 3410 0.96 4.07 1.24 0.62
12 992 238.6 6.1 3289 3513 0.95 4.10 1.40 0.56
13 992 208.7 6.1 2359 2294 0.20 5.03 1.11 0.74
15 992 108.0 6.1 2622 2388 0.74 4.42 0.61 1.10
20 992 158.6 6.0 3447 3130 0.92 4.14 0.93 0.91
21 992 208.7 6.1 3196 3408 0.96 4.07 1.24 0.62
22 992 238.6 6.1 2868 2939 0.54 4.73 1.31 0.62
23 992 238.6 6.1 2526 2495 0.27 5.00 1.27 0.66
37 992 158.6 6.0 2242 2098 0.18 5.04 0.85 0.93
50 760 169.3 6.0 2716 2555 0.85 4.27 0.87 0.92
51 760 169.3 6.0 2686 2699 0.99 4.02 0.89 0.84
52 760 169.3 6.0 2017 1864 0.25 4.99 0.80 0.98
53 760 169.3 6.0 2785 2669 0.96 4.07 0.89 0.89
54 562 183.8 6.0 2261 2239 0.92 4.38 0.80 0.92
55 562 183.8 6.0 2275 2271 0.96 4.31 0.80 0.90
56 562 183.8 6.0 2217 2021 0.68 4.80 0.76 1.02
57 562 183.8 6.0 2341 2258 0.95 4.34 0.80 0.94
58 615 242.8 4.0 1086 1244 0.95 4.09 1.70 0.45
59 615 242.8 4.0 1083 1261 1.00 4.01 1.71 0.43
60 615 242.8 4.0 1056 1135 0.71 4.49 1.62 0.49
61 615 242.8 4.0 902 919 0.32 4.95 1.54 0.54
62 760 249.4 6.0 2667 2943 0.96 4.07 1.31 0.57
63 760 249.4 6.0 2670 2949 0.97 4.06 1.31 0.57
64 760 249.4 6.0 2579 2632 0.69 4.53 1.24 0.65
65 760 249.4 6.0 2200 2169 0.33 4.94 1.19 0.70
66 760 249.4 6.0 2661 2929 0.95 4.10 1.30 0.58
67 760 169.3 6.0 2719 2651 0.94 4.11 0.88 0.87
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A.5. Interaction Tests: Measurements during testing
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B.1. Stub column tests
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Figure B.1.: S500 SHS195x6 Stub column Tests: experimental results vs. Ansys
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Figure B.2.: S500 SHS250x4 Stub column Tests: experimental results vs. Ansys
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Figure B.3.: S700 SHS180x6 Stub column Tests: experimental results vs. Ansys
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Figure B.4.: S700 SHS260x6 Stub column Tests: experimental results vs. Ansys
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Figure B.5.: S960 SHS120x6 Stub column Tests: experimental results vs. Ansys
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Figure B.6.: S960 SHS170x6 Stub column Tests: experimental results vs. Ansys
254
B.1. Stub column tests
0 2 4 6 8 10
0
500
1000
1500
2000
2500
3000
3500
S960−220x220x6−1
Displacement [mm]
Fo
rc
e 
[k
N]
 
 
ψ=0.99
Experiment
Ansys
0 2 4 6 8 10
0
500
1000
1500
2000
2500
3000
3500
S960−220x220x6−2
Displacement [mm]
Fo
rc
e 
[k
N]
 
 
ψ=0.96
Experiment
Ansys
0 2 4 6 8 10
0
500
1000
1500
2000
2500
3000
3500
S960−220x220x6−3
Displacement [mm]
Fo
rc
e 
[k
N]
 
 
ψ=0.2
Experiment
Ansys
0 2 4 6 8 10
0
500
1000
1500
2000
2500
3000
3500
S960−220x220x6−4
Displacement [mm]
Fo
rc
e 
[k
N]
 
 
ψ=0.96
Experiment
Ansys
Figure B.7.: S960 SHS220x6 Stub column Tests: experimental results vs. Ansys
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Figure B.8.: S960 SHS250x4 Stub column Tests: experimental results vs. Ansys
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B.2. Interaction Tests
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Figure B.9.: Comparison S500 Interaction Tests: experimental results vs. Ansys
256
B.2. Interaction Tests
0 1 2 3 4 5 6 7
0
250
500
750
1000
1250
1500
W−S960−140−4−470
Displacement [mm]
Fo
rc
e 
[k
N]
 
 
Experiment
Ansys
0 1 2 3 4 5 6 7
0
250
500
750
1000
1250
1500
W−S960−140−4−730
Displacement [mm]
Fo
rc
e 
[k
N]
 
 
Experiment
Ansys
0 1 2 3 4 5 6 7
0
250
500
750
1000
1250
1500
W−S960−140−4−1300
Displacement [mm]
Fo
rc
e 
[k
N]
 
 
Experiment
Ansys
0 1 2 3 4 5 6 7
0
250
500
750
1000
1250
1500
W−S960−140−4−1400
Displacement [mm]
Fo
rc
e 
[k
N]
 
 
Experiment
Ansys
0 1 2 3 4 5 6 7
0
250
500
750
1000
1250
1500
W−S960−140−4−1500
Displacement [mm]
Fo
rc
e 
[k
N]
 
 
Experiment
Ansys
0 1 2 3 4 5 6 7
0
250
500
750
1000
1250
1500
W−S960−140−4−1700
Displacement [mm]
Fo
rc
e 
[k
N]
 
 
Experiment
Ansys
0 1 2 3 4 5 6 7
0
250
500
750
1000
1250
1500
W−S960−140−4−1900
Displacement [mm]
Fo
rc
e 
[k
N]
 
 
Experiment
Ansys
Figure B.10.: Comparison S960 Interaction Tests: experimental results vs. Ansys
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B.3. Parametric Study using EC3 imperfection model
B.3.1. Numerical results for S960
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B.3.2. Influence of yield plateau - S500
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B.3.3. Influence of steel grade
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B.3. Parametric Study using EC3 imperfection model
B.3.4. Influence of using higher Eigenmode
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B. Numerical Studies
B.4. Parametric Study using det. imperfection model
B.4.1. Numerical results for S960
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B.4. Parametric Study using det. imperfection model
B.4.2. Influence of yield plateau - S500
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B. Numerical Studies
B.4.3. Influence of steel grade
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B.4. Parametric Study using det. imperfection model
B.4.4. Influence of using higher Eigenmode as imperfection shape
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C. Result Assessment
C.1. Evaluation acc. to EC3, clause 4.4(4)
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C.1. Evaluation acc. to EC3, clause 4.4(4)
C.1.1. S500, imperfection model EC3, with 1st Eigenmode as local
imperfection shape and Winter resistance curve
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C. Result Assessment
C.1.2. S960, imperfection model EC3, with 1st Eigenmode as local
imperfection shape and Winter resistance curve
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C.1. Evaluation acc. to EC3, clause 4.4(4)
C.1.3. S960, imperfection model EC3, with higher Eigenmode as
local imperfection shape and Winter resistance curve
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C.1. Evaluation acc. to EC3, clause 4.4(4)
C.1.4. S500, imperfection model EC3, with 1st Eigenmode as local
imperfection shape and new local resistance curve
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C. Result Assessment
C.1.5. S960, imperfection model EC3, with 1st Eigenmode as local
imperfection shape and new local resistance curve
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C.1. Evaluation acc. to EC3, clause 4.4(4)
C.1.6. S960, imperfection model EC3, with higher Eigenmode as
local imperfection shape and new local resistance curve
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C. Result Assessment
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C.2. Evaluation acc. to new resistance formulas
C.2. Evaluation acc. to new resistance formulas
C.2.1. S500, imperfection model EC3, with 1st Eigenmode as local
imperfection shape
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C. Result Assessment
C.2.2. S960, imperfection model EC3, with 1st Eigenmode as local
imperfection shape
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C.2. Evaluation acc. to new resistance formulas
C.2.3. S960, imperfection model EC3, with higher Eigenmode as
local imperfection shape
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C. Result Assessment
C.2.4. S500, detailed imperfection model, with 1st Eigenmode as
local imperfection shape
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C.2. Evaluation acc. to new resistance formulas
C.2.5. S960, detailed imperfection model, with 1st Eigenmode as
local imperfection shape
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C. Result Assessment
C.2.6. S960, detailed imperfection model with higher Eigenmode as
local imperfection shape
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